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ABSTRACT 


Iho  electronically  steered  active  phased  arr^y  combines,  Tor  radar 
applications,  the  advantages  of  electronic  bean  scanning  with  the 
advantages  of  solid  state  microwave  power  generation.  Despite  their 
attractions,  however,  as  a  result  of  their  high  cost,  few  of  these 
arrays  have  in  fact  been  built, 

ihe  work  described  in  this  report  is  based  on  the  investigation  of 
novel  approaches  to  the  design  of  elenents  for  active  arrays,  partic¬ 
ular  regard  being  given  to  the  element  cost,  iisphasia  has  been  given 
to  element  design  based  on  the  use  of  synchronized  oscillators,  as 
opposed  to  the  more  common  approach  using  amplifiers,  ihe  use  of  both 
injection  locking  and  phase  locked  loop  synchronization  of  oscillators 
are  considered. 

Following  a  review  of  the  current  powers  and  efficiencies  obtainable 
from  microwave  semiconductor  devices,  analyses  of  the  steady-state  and 
transient  characteristics  of  phase  locked  loops  and  injection  locked 
sources  are  given,  with  reference  to  the  effect  of  these  characteris¬ 
tics  on  array  performance. 

Various  element  designs  based  on  the  use  of  injection  locking  or  the 
phase  locked  loop  are  described  and  the  latter  shown  to  be  generally 
more  attractive.  Of  particular  interest  are  the  designs  based  on  the 
heterodyne  phase  locked  loop,  since  these  permit  beam-steering  on  both 
transmission  and  reception  to  be  achieved  using  only  intermediate  fre¬ 
quency  phase  shifters;  microwave  phase  shifters  are  thus  avoided. 

Results  obtained  with  a  small  experimental  X-3and  active  array  of 
eight  elements  based  on  the  heterodyne  phase-locked  loop  are  described, 
ream,  steering  with  simple  control  from  a  ??.!!  controller  using  a  novel 
design  of  intermediate  frequency  phase  shifter  has  also  been  demonstrated. 
Finally,  the-  integration  of  the  element  design  into  form  with 

unpackaged  active  devices  is  described,  being  the  first  stage  in  a  full 
devdornen;  programme. 
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Introduction 


The  concept  of  the  active  phased  array  antenna,  in  which  a  solid 
state  source  of  microwave  power  is  provided  at  each  element  of  a 
phased  array,  i3  particularly  attractive  for  many  radar  applications* 
The  advantages  associated  with  electronic  beam  steering,  as  opposed 
to  the  mechanical  scanning  of  conventional  radars,  are  well  establish¬ 
ed  t  the  flexibility  afforded  by  the  phased  array  enables  it  to 
perform  the  functions  that  would  typically  require  several  independ¬ 
ent,  mechanically  steered  radars* 


lhe  use  of  solid  state  sources  for  the  generation  of  the  transmitted 
power,  instead  of  the  conventional  vacuum  tube,  has  additional 
advantages,  particularly  with  regard  to  the  increased  reliability 
and  also  with  respect  to  the  reduced  size,  weight,  and  power  supply 
voltages*  Although  the  reliability  of  individual  solid  state  devices 
is  far  in  excess  of  that  of  vacuum  tubes,  the  large  number  of  elements 
that  will  typically  be  used  in  an  array  antenna  increases  the  stat¬ 
istical  likelihood  of  failures  }  these  failures  will  however,  give 
rise  to  only  a  '  graceful  degradation  '  of  the  array  performance  with 
time. as  some  of  the  element  sources  fail. 


The  active  array  is  a  particularly  suitable  vehicle  for  the  intro¬ 
duction  of  solid  state  sources  for  generation  of  the  transmitted 
signal.  The  power  available  from  individual  solid  state  microwave 
devices  is  very  much  less  than  that  available  from  typical  vacuum 
tube  transmitters,  and  at  present,  it  would  appear  very  unlikely 
that  any  individual  solid  state  device  capable  of  generating  these 
power  levels  will  appear.  Clearly,  high  power  levels  may  be  achieved 
by  operating  many  solid  state  devices  in  parallel,  and  the  construct- 
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ion  of  a  high  power  vacuum  tube  replacement  consisting  of  a  complex 
power  combining  circuit  and  a  large  number  of  solid  state  devices, 
is  conceivable.  The  active  array  approach  is  far  more  attractive 
however,  since  the  power  summation  in  this  case  simply  occurs  in 
space. 


Noting  the  advantages  described  above,  serious  interest  in  active 

arrays  began  in  the  1960s  when  solid  state  devices  producing 

(1) 

significant  microwave  powers  began  to  appear.  The  MERA 

program  was  an  ambitious  early  example  of  an  active  array,  using  in 

this  case  transistor  element  sources  followed  by  varactor  multipliers. 

> 

Despite  general  acceptance  of  their  desirability,  and  the  consider¬ 
able  effort  expended  on  their  development,  very  few  active  arrays 
have  in  fact  advanced  beyond  the  demonstration  model  stage)  the 
reason  for  this  can  be  quite  clearly  attributed  to  their  very  high 
cost  in  comparison  to  conventional  radars.  This  has  limited  their 
use  in  practice  to  a  relatively  small  number  of  fairly  sophisticated 
military  applications. 


In  this  light,  the  work  descibed  in  this  report  has  had  the  objective 
of  investigating  novel  approaches  to  the  design  of  modular,  transmit 
and  receive,  active  element  circuits,  with  particular  regard  being 
given  to  the  use  of  locked  oscillator  element  sources,  as  opposed 
to  the  more  common  amplifier  approach. 


Since  a  wide  range  of  topics  have  been  considered  in  the  course  of 
this  work,  a  brief  description  of  the  contents  and  relative  position 
in  the  work  of  each  of  the  following  chapters  is  given  below. 


BBKfea-ssySSiSSi; 
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Chapter  2  serves  as  a  more  detailed  introduction  to  the  background 
of  active  arrays.  Initially  the  characteristics  and  applications 
of  phased  arrays  in  general  are  discussed,  and  the  techniques  that 
have  been  devised  for  reducing  the  cost  of  passive  element  arrays 
(  i.e.  phased  arrays  driven  by  a  single  source  )  are  reviewed.  The 
active  array  concept  is  then  discussed  in  more  detail  and  the  avail** 
able  approaches  for  effecting  any  simplification  or  cost  reduction 
are  highlighted.  The  previous  work  at  U.C.L.  on  active  arrays  is 
also  described.  Finally,  the  characteristics  of  FIN  and  ferrite 
phase  shifters  are  reviewed  for  comparison  with  phasing  techniques 
described  in  subsequent  chapters. 


As  a  first  consideration  for  active  element  design,  a  review  is 
Initially  given  in  Chapter  3  of  the  power  and  efficiency  that  may 
be  obtained  from  the  major  existing  solid  state  microwave  sources. 
This  serves  to  indicate  first  the  most  suitable  chioce  of  solid 
state  device  at  any  particular  frequency,  and  secondly  to  indicate 
the  level  of  radiated  power  that  can  realistically  be  achieved 
from  an  active  array  with  a  given  number  of  elements.  Transistor 
sources  (  bipolar  and  FET  ),  avalanche  devices  (  Impatt  and  Trapatt  ) 
and  transferred  electron  devices  (  Gunn  and  LSA  )  are  considered. 
Also  briefly  mentioned  in  this  chapter  are  recent  developments 
being  made  in  the  field  of  FET  low-hoise  preamplifiers. 


When  the  solid  state  source  used  in  each  element  of  an  active  array 
takes  the  form  of  an  oscillator,  synchronisation  of  the  oscillator 
to  a  common  reference  signal  for  the  array  will  be  required  in  order 
to  form  a  coherent  output.  In  Chapter  4  the  two  means  of  oscillator 
phase  locking,  represented  by  injection  locking  and  the  phase-locked 


loop  are  described*  An  analysis  is  given  in  each  case  of  the  steady 
-state  and  transient  performance  that  may  he  obtained,  and  the  rel¬ 
ative  merits  of  these  forms  of  oscillator  locking  are  compared* 

Since  previous  work  at  University  College  London  has  looked  in  detail 
at  the  characteristics  of  injection  locked  oscillators,  particular 
attention  has  been  given  here  to  the  phase-locked  loop  analysis* 

In  Chapter  5  several  basic  aspects  which  influence  the  details  of 
practical  element  designs  are  considered*  Specifically,  the 
implication  on  the  element  design  of  the  desire  to  provide  tapering 
of  the  aperture  distribution  for  radiation  pattern  sidelobe  control 
is  considered  ;  an  assessment  is  made  of  the  required  amplitude 
and  phase  accuracy  to  realise  a  given  sidelobe  level  ;  and  the 
effect  on  reception  of  various  element  receiving  configurations  is 
considered. 

Active  element  designs  based  on  the  use  of  injection  locking  for  the 
synchronisation  of  the  element  source  are  described  in  Chapter  6* 
Several  element  circuits  are  considered  and  specific  points  related 
to  their  performance  are  examined* 

In  Chapter  7  various  element  designs  based  on  the  use  of  the  phase- 
locked  loop  are  described*  Particular  attention  is  given  to  elements 
based  on  the  heterodyne  form  of  the  phase-locked  loop,  since  these 
are  particularly  attractive  in  allowing  beam-steering  on  both 
transmission  and  reception  to  be  achieved  with  only  intermediate 
frequency  phase  shifters.  The  cost  and  loss  associated  with  conven¬ 
tional  microwave  phase  shifters  may  be  avoided  ir.  these  designs* 
Various  circuit  configurations  are  examined,  and  two  in  particular 
are  presented  as  being  particularly  attractive* 
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In  Chapter  8  a  novel  form  of  digital  intermediate  frequency  phase 
shifter  is  described,  which  is  particularly  suitable  for  use  in  con¬ 
junction  with  the  element  designs  of  Chapter  7«  3ie  phase  shifter 
uses  a  harmonically  locked  phase-locked  loop  to  provide  a  higher 
level  of  phase  accuracy  than  is  available  for  most  intermediate 
frequency  phase  shifters. 

in  experimental  four  element  active  array  demonstrating  the  use 
of  the  element  designs  based  on  the  heterodyne  phase-locked  loop 
is  described  in  Chapter  9»  Details  of  the  element  construction,  and 
measured  broadside  and  steered  radiation  patterns  produced  by  the 
array  are  presented. 

In  Chapter  10,  the  extension  of  the  array  to  eight  elements  and  the 
inclusion  of  a  simple  digital  beam  controller  based  on  stored  phase 
shifter  codes  in  a  programmable  read-only  memory  (P&CM)  is  described. 
Again,  measured  broadside  and  steered  beam  radiation  patterns  are 
presented. 

Chapter  1 1  presents  the  design  of  a  microwave  integrated  circuit 
(m.i.c.)  version  of  the  prototype  array  element  previously  developed. 
This  allows  investigation  of  a  higher  power  output  microwave  source 
and  some  insight  into  the  feasibility  of  the  element  for  mass  prod¬ 
uction. 

Finally,  in  Chapter  12,  conclusions  are  drawn  regarding  this  approach 
to  active  element  design  and  its  future  application  areas. 
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■  PHASED  ARRAY  ANTENNAS'  ’ . 
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Characteristics  and  Applications  of  Phased  Arrays 
Passive  Element  Arrays 
2*2.1  Frequency  Scanning 

2.2.2  Array  Shinning  and  Techniques  for  Grating  Lobe 

Suppression 
2.2*3  Optical  Feeds 
Active  Element  Arrays 
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Microwave  Phase  Shifters  for  Array  Antennas 


2.4.1  Ferrite  Phase  Shifters 

2.4.2  PIN  Phase  Shifters 

2.4.3  Other  Phase  Shifter  Types 


2.0  Introduction 


The  purpose  of  this  chapter  is  to  review  the  advantages,  applications 


and  limitations  of  phased  array  antennas  as  a  background  to  the  work 


described  in  subsequent  chapters  on  active  arrays.  Initially  a  review 


is  given  of  the  desirable  properties  that  have  led  to  the  development 


of  phased  arrays,  the  main  factor  influencing  their  cost,  and  tech¬ 


niques  adopted  for  cost  reduction  in  conventional,  passive  element 


arrays.  The  active  array  concept,  in  which  each  array  element  is 


associated  with  an  individual  source  of  HP  power,  is  then  discussed 


and  previous  work  in  the  field  considered.  Finally  the  characteristics 


of  EEH  and  ferrite  phase  shifters,  which  have  previously  played  a 


dominant  role  in  electronic  scanning,  are  described  for  comparison 


with  phasing  techniques  presented  in  later  chapters. 


2il  Characteristics  and  Applications  of  Phased  Array  Antennas 


The  principal  feature  of  the  phased  array  antenna  is  its  ability 


to  electronically  vary  its  aperture  phase  distribution,  resulting 


in  inertialess  and  very  rapid  control  of  the  main  beam  direction  and 


shape.  The  advantages  of  this  have  long  been  recognised  and  consid¬ 


erable  effort  has  been  devoted  to  the  development  of  the  phased 


array  ,  initially  and  still  primarily  for  military  radar  applic¬ 


ations. 


Electronic  beam  steering  has  obvious  advantages  arising  from  the 


replacement  of  the  conventional  rotating  radar  antenna  with  a  fixed 


system.  The  avoidance  of  the  need  to  physically  move  large  and  heavy 


antenna  structures,  has  alone  promoted  the  phased  array  for  the  long 


range  surveillance  radars  operating  at  UHF  or  low  microwave  frequencies 
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for  which  very  large  apertures  are  used.  More  often  however,  it 
is  the  increased  team  agility  that  is  the  principal  desirable 
feature  s •  electronically  variable  phase  shifters,  normally  intro¬ 
ducing  digital  phase  increments  allow  repositioning  of  the  beam  in 
any  direction  within  microseconds. 


It  is  notable  that  the  main  advantage  of  beam  agility  is  in  the 
target  tracking  mode  and  not  the  surveillance  mode  of  operation, 
lhe  rate  of  rotation  of  a  surveillance  beam  is  basically  limited 
by  the  time  required  to  receive  radar  returns  from  targets  at  the 
maximum  range  ;  this  rate  of  scan  is  achievable  mechanically 

9 

in  most  circumstances.  The  update  time  (  or  data  rate  )  for  target 
tracking  with  a  mechanically  rotated  antenna  -is  simply  the  time 
required  for  the  antenna  to  complete  a  revolution,  typically 
1-10  seconds,  depending  on  the  beamwidth  and  maximum  range.  For 
fast  moving  targets  this  will  usually  be  inadequate  and  thus  several 
additional  independent  tracking  radars  will  be  required  for  multiple 
target  tracking.  Die  inertialess  beam  positioning  of  the  phased 
array,  however,  allows  the  directions  containing  targets  of  interest 
to  be  examined  at  any  time  during  the  surveillance  sweep  with  a 
frequency  that  may  be  adaptively  controlled  according  to  the  interest 
in  that  target.  Many  targets  may  be  simultaneously  tracked  and  the 
relative  proportion  of  time  allocated  to  tracking,  surveillance  or 
high  data  rate  surveillance  in  particular  directions,  can  be  varied 
at  will.  It  is  this  multifunction  capability,  allowing  the  phased 
array  to  perform  the  functions  that  would  require  several  mechanically 
scanned  radars,  that  is  the  main  attraction  of  the  phased  array. 
Additionally,  there  is  also  the  possibility  of  multiple  beam  form¬ 
ation  from  a  single  aperture,  the  lack  of  scanning  modulation  and 
the  inherent  flexibility  of  the  aperture  layout  (  conformal  arrays  ). 
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The  primary  application  for  phased  arrays  is  in  the  radar  field, 
both  monostatic  and  bistatic  but  other  applications  include 
scanning  .beam  microwave  landing  systems,  satellite  communication 
antennas,  and  inertialess  motion  compensation  for  aircraft  and  ship 
communication  antennas. 


Despite  the  notable  advantages  of  phased  arrays  and  the  consider¬ 
able  development  effort  expended  on  detailed  analysis  of  their  design 
and  operation,  very  few  have  advanced  beyond  the  prototype  or  demon¬ 
stration  model  stage.  The  reason  for  this  can  be  fairly  simply 

attributed  to  cost  }  the  very  high  cost  of  design,  manufacture  and 

> 

operation  has  mainly  limited  the  application  of  fully-phased  arrays 
i.e*  two  dimensional  arrays  with  electronic  scanning  in  two  planes  ) 
to  sophisticated,  high  performance  radars  for  which  they  are  the  only 
effective  technical  solution.  At  a  lower  level  of  complexity  and 
cost,  arrays  with  electronic  scanning  in  only  one  plane  have  seen 
more  use,  although  these  clearly  do  not  have  the  advantages  of 
fully  8glle  beam  types*  Che  notable  application  of  single  plane 
scanning  ha-3  been  to  provide  electronic  elevation  scanning  for 
mechanically  rotated  antennas,  thus  enabling  three  dimension  pencil 
beam  operation  to  be  achieved. 


Apart  from  the  operational  and  maintenance  cost  of  phased  arrays, 
three  areas  representing  particularly  high  expenditure,  can  be 
identified,  the  first  two  of  which  are  in  the  province  of  the  antenna 
designer  s 

l)  The  array  elements,  particularly  the  phase  shifters.  Although 
the  cost  of  one  element  alcne  may  not  be  particularly  high,  since 
hundreds  or  thousands  of  elements  are  typically  used  in  an  array, 
the  element  cost  clearly  takes  on  considerable  importance.  The 
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microwave  phase  shifter  (  e.g.  a  PIN  or  ferrite  type  )  often  repres¬ 
ents  a  large  part  of  the  element  cost* 

2)  The  distribution/combining  network*  If  a  single  microwave  source 
is  employed  to  generate  the  transmitter  power,  a  low  loss  distribution 
network,  often  constructed  in  waveguide,  will  be  required  to  feed 

the  array  elements.  The  construction  complexity  of  a  waveguide  feed 
will  introduce  considerable  expense. 

3)  The  beam  steering  and  control  computer*  is  computational  costs 
are  decreasing  the  relative  expense  of  this  is  being  reduced,  but 
nevertheless  fairly  sophisticated  processing  is  required  to  control 
a  high  performance,  automated,  multi-function  radar. 

2*2  Passive  Element  Arrays 

The  majority  of  phased  array  development  effort  in  the  past  has  been 
devoted  to  arrays  in  which  the  microwave  energy  is  developed  in  a 
single  source  such  as  a  magnetron  before  being  distributed  to  the 
array  phase  shifters  and  radiating  elements.  Such  an  array  may  be  term¬ 
ed  a  *  passive  element  array  *  or  simply  a  '  passive  array  '  in  com¬ 
parison  to  the  '  active  array  *  in  which  microwave  power  generation 
is  accomplished  additionally  within  the  array  elements.  Passive 
arrays  have  previously  been  favoured  since  the  power  available  from 
solid  state  microwave  sources  has  in  the  past  been  insufficient  for 
most  radar  applications  and  it  is  generally  inconvenient  to  incorpor¬ 
ate  distributed  pofrer  generation  from  vacuum  tube  sources  due  to  their 
size,  weight,  and  power  supply  requirements. 

Many  ingenious  techniques  have  been  developed  to  reduce  the  cost  of 
passive  arrays,  either  by  reducing  the  number  of  elements  and  phase 
shifters  or  by  avoiding  a  complex  feed  network.  To  compare  the  ap- 
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plicability  of  these  techniques  to  active  arrays,  the  more  important 
ones  are  briefly  summarized  below. 


2.2.1 


Frequency  scanning  represents  a  simple  and  relatively  widely  used 

method  of  electronic  scanning  and  avoids  the  expense  both  of  phase 

shifters  and  a  complex  feed  network.  The  array  elements,  which  for 

a  linear  array  could  typically  take  the  form  of  waveguide  slots,  or 

for  a  two  dimensional  array,  slotted  waveguide  columns,  are  usually 

separated  in  a  series  feed  by  a  distance  giving  a  fixed  time  delay 

> 

At  between  than.  The  angular  deviation  @  of  the  main  beam  fr>mi 
the  broadside  direction  is  then  given  by 


(*--) 

At 


where  \  is  the  free  space  wavelength 
d  is  the  inter-element  spacing 
f  is  the  frequency 
and  n  is  an  integer 


The  rate  of  change  of  the  beam  pointing  direction  with  frequency  is 
clearly  dependent  upon  the  inter-element  delay  At.  A  slow-wave  or 
serpentine  feed  structure  is  normally  adopted  for  use  with  frequency 
scanned  arrays  to  enhance  the  rate  of  scan  with  frequency  compared 
to  that  for  a  simple  waveguide  series  feed. 


The  use  of  frequency  scanning  for  two  dimensional  beam  steering  in 
a  planar  array  has  been  proposed^)  . i  widely  different  rates  of 
scan  with  frequency  are  U3ed  to  obtain  a  beam  that  scans  rapidly  and 


-it. 


repeatedly  In  one  plane*  whilst  simultaneously  scanning  relatively 
slowly  in  the  other.  The  constraints  imposed  by  limitations  on  the 
bandwidth  and  the  delay  that  may  conveniently  be  incorporated  between 
elements,  make  this  approach  unattractive  however.  A  relatively 
inexpensive  technique  for  providing  electronic  beam  steering  in  two 
dimensions  with  a  planar  array  is  to  combine  frequency  scanning  in 
one  plane  with  phase  scanning  in  tne  other  ;  a  relatively  small 
number  of  phase  shifters  are  employed  in  this  arrangement  to  intro¬ 
duce  a  phase  gradient  between  the  frequency  scanned  columns  or  rows. 

Che  fundamental  limitation  of  frequency  scanning  for  military  applic- 

> 

ations,  is  the  direct  relationship  between  the  beam-pointing  direction 
and  the  frequency  j  the  fact  that  the  frequency  of  the  transmission 
in  any  direction  is  always  predictable  makes  such  a  radar  susceptible 
to  jamming. 

2.2.2  Array  Thinning  and  Techniques  for  Grating  Lobe  Suppression 

A  reduction  in  the  total  number  of  array  elements  while  maintaining 
the  same  aperture  dimensions  serves  to  reduce  both  the  cost  of  the 
element  array  and  the  distribution  network.  The  immediate  problem 
that  arises  with  thinned  arrays  however  is  that  of  grating  lobes  $ 
if  the  number  of  equally  spaced  elements  in  a  given  aperture  area 
is  reduced  simply  by  increasing  the  spacing  between  them,  grating 
lobes  (  undesired  secondary  lobes  with  the  same  amplitude  as  the 
main  beam  )  will  start  to  appear  at  large  scan  angles.  Two  tech¬ 
niques  for  reducing  the  effects  of  grating  lobes  in  thinned  arrays 
are  described  below. 
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Bandom  Thinning 


In  the  random  thinning  technique  ^  ,  an  array  with  the  conven¬ 
tional  approximately  half -wavelength  spacing  is  initially  considered. 
Elements  are  then  removed  from  the  array  at  random  until  the  desired 
number  of  elements  remains.  Although  there  will  clearly  be  many 
inter-element  spacings  in  the  array  greater  than  one  half-wavelength, 
the  lack  of  periodicity  in  the  positioning  of  these  prevents  the 
formation  of  distinct  grating  lobes,  the  energy  associated  with 
the  normal  grating  lobe  being  now  widely  distributed  in  angle  and 

giving  rise  to  a  general  increase  in  the  sidelobe  level.  It  is  of 

> 

interest  to  note, as  described  in  more  detail  in  Chapter  5»  that 

density  tapering,  a  variation  of  the  random  thinning  technique, 

may  also  be  U9ed  to  effectively  provide  an  amplitude  taper  across 

(6) 

the  aperture  for  sidelobe  control. 

Grating  lobe  Suppression  Via  the  Element  Pattern 

The  pattern  multiplication  theorem  states  that  the  array  radiation 
pattern  is  the  product  of  the  array  factor  and  the  element  factor. 
Grating  lobes  in  the  array  factor  of  an  array  with  uniform  wide  inter¬ 
element  spacing  may  be  tolerated  if  adequate  suppression  may  be 
obtained  at  these  angles  via  the  element  pattern.  The  element 
aperture  is  generally  of  insufficient  size  to  provide  adequate 

suppression,  but  two  techniques  have  been  proposed  for  increasing 
(7) 

this.  Belcher  developed  a  method  of  tapering  the  walls  between 
waveguide  radiating  elements  down  to  a  series  of  posts  at  the  aperture. 
The  effect  of  this  is  to  provide  an  effective  element  aperture 
extending  over  several  conventional  elements,  therefore  providing 
a  greater  rate  of  cut-off  of  the  element  pattern.  Hazeltine  Inc. 
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have  developed  a  technique  for  their  COMPACT  array,  designed  for 
scanning  beam  microwave  landing  systems,  in  which  every  element 
is  coupled  to  all  others  by  a  series  of  couplers  and  amplitude 
weights  in  the  feed  network.  The  effective  element  aperture  is 
in  this  case  of  the  same  size  as  the  array  itself.  For  a  restrict¬ 
ion  on  scan  angle  of  -  20°  for  example,  only  15  elements  and  phase 
shifters  are  typically  required  for  a  2°  beamwidth  array. 


Che  other  technique  related  to  element  thinning,  that  reflects  the 
high  cost  of  microwave  phase  shifters,  is  that  of  phase  shifter 
thinning.  This  technique, described  by  Cheng ,  reduces  only 
the  number  of  phase  shifters  (  whilst  maintaining  a  filled  aperture  ) 
by  using  a  single  phase  shifter  to  drive  several  neighbouring  elements. 
Random  distribution  of  the  co-phased  blocks  of  elements  is  used  to 
avoid  excessive  sidelobe  degradation. 


2j2 a 


ptical  Feeds 


The  cost  of  the  feed  network  for  a  phased  array  can  be  significantly 
reduced  by  the  use  of  an  optical  feed  approach,  in  which  the  microwave 
energy  is  distributed  to  the  array  elements  via  free-space  transmiss¬ 
ion.  Each  array  element  receives  part  of  the  energy  radiated  by  the 
primary  feed,  and  after  the  application  of  appropriate  phasing,  the 
energy  is  re-radiated.  Optically  fed  systems  using  both  transmission 
through  the  array  (  i.e.  use  a  phase  shifter  lens  )  and  reflection 
from  the  array  have  been  developed. 


i a  Active  Arrays 


In  the  active  array  a  microwave  source,  either  amplifier  or  looked 
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oscillator,  is  included  within  each  element  so  that  final  amplific¬ 
ation  of  the  transmitted  signal  is  provided  at  this  point.  One 
advantage  is  apparent  in  that  the  feed  network  loss  is  less  crit¬ 
ical  when  final  amplification  occurs  at  the  aperture,  hut  the 
principal  reason  for  the  development  of  the  active  array  concept 
is  that  it  is  a  particularly  convenient  way  of  introducing  solid 
state  sources  for  the  generation  of  transmitter  power.  The  power 
available  from  single  solid  state  microwave  sources  is  insufficient 
for  most  radar  applications  and  equivalent  power  to  that  of  microwave 
tubes  can  only  be  obtained  by  combining  the  powers  of  many  individual 

sources,  operated  in  parallel.  Although  it  may  be  possible,  using 

) 

many  sources  and  a  complex  power  combining  circuit,  to  produce  a 
direct  solid  state  replacement  for  a  vacuum  tube  source,  the  dis¬ 
tribution  of  solid  state  sources  in  the  elements  of  an  active  array 
is  far  more  convenient  }  summation  of  the  individual  power  then 
simply  occurs  in  space. 

The  advantages  of  the  use  of  solid  state  sources  over  the  use  of 
vacuum  tubes  include  reduced  size  and  weight,  reduced  power  supply 
voltage  and  increased  reliability.  Although  the  reliability  of 
individual  solid  state  sources  will  be  far  in  excess  of  that  of 
vacuum  tubes,  the  large  number  of  solid  state  sources  used  will 
increase  the  statistical  likelihood  of  some  failures.  However,  the 
active  array  will  only  suffer  a  relatively  slow  1  graceful  degrad¬ 
ation  •  of  performance  compared  with  the  disabling  failures  that 
occur  for  vacuum  tubes.  Consider  as  an  example  a  planar  array  of 
100  x  100  elements,  which  for  half -wavelength  inter-element  spacing 
and  uniform  illumination  will  produce  a  pencil  beam  of  beamwidth 
~ 1°.  Assuming  a  mean  time  to  failure  of  10^  hrs  for  the  individual 
devices  (  an  estimated  value  for  Gunn  or  Impatt  devices  ),  and 
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assuming  for  simplicity  that  the  probability  of  failure  is  constant 
with  time,  it  may  be  seen  that  1  element  source  will  fail  every 
100  hours,  die  percent  of  the  devices  in  the  array  will  have  failed 
after  104  hrs  j  ten  percent  of  the  devices  will  have  failed  after 
105  hrs.  It  is  probably  at  around  the  10$  failure  level  that  the 
effect  on  the  array  performance  will  be  becoming  significant. 

Hie  limitation  on  the  application  of  active  arrays  is  again  that  of 

high  cost,  particularly  that  of  the  array  elements,  and  again  only 

a  small  number  of  these  arrays  have  in  fact  been  built.  A  notable 

large  example  b  the  tJ.S.A.P*»s  Pave  Paws 

(11) 

radar  *  lhe  techniques  available  for  reducing  cost  for  active 

arrays  are,  however,  somewhat  restricted.  Frequency  scanning  may 
still  be  employed  to  avoid  the  expense  of  phase  shifters,  but  the 
bandwidth  that  may  be  used  for  this  is  now  restricted  by  the  solid 
state  source  )  where  locked  oscillator  element  sources  are  used,for 
example,  the  frequency  must  clearly  remain  within  the  range  for 
which  lock  can  occur,  and  in  practice  may  be  even  further  restricted 
due  to  the  possibility  of  phase  errors  between  elements.  This  is 
described  in  more  detail  in  Chapter  4« 

Hie  thinning  and  wide  element  spacing  techniques  are  not  always 
applicable  to  active  arrays  ;  in  a  passive  array  the  power  trans¬ 
mitted  from  a  thinned  or  widespaced  array  is  the  same  as  that  of  a 
filled  aperture,  since  the  feed  is  rearranged  to  apply  all  the 
power  into  the  remaining  elements.  In  an  active  array  in  which  the 
element  output  power  is  limited  to  a  certain  peak  value  by  the  solid 
state  source,  a  reduction  in  the  number  of  elements  will  produce  a 
dlar  reduction  in  radiated  power. 


Accepting  that  a  reduction  in  the  number  of  elements  is  not  always 
practical,  it  is  clear  that  the  element  cost  is  of  paramount 
importance,  and  it  has  therefore  been  to  the  reduction  of  active 
element  cost  that  much  of  the  work  at  U.C.L.  on  active  arrays  has 
been  aimed. 

2.3.1  Previous  Tfork  on  Active  Arrays  at  University  College  London 

With  the  background  described  above,  previous  work  at  U.C.L.  focussed 

principally  on  the  investigation  of  novel  techniques  for  reducing 

phase  shifter  costs  in  active  arrays  ,  the  phase  shifter  typically 

» 

representing  a  large  proportion  of  the  overall  element  cost.  Arrays 
for  transmission  only  were  considered  in  this  initial  work. 

A  reduction  (  by  a  factor  of  2  for  a  linear  array  and  4  for  a  planar 
array  )  in  the  number  of  conventional  microwave  phase  shifters 
required  in  a  transmitting  array  was  obtained  with  the  interpolation 
locking  technique^ )  .  This  was  achieved  by  making  use  of  the 
mutually  coupled  signal  from  alternate  elements  in  an  array  to  inject¬ 
ion  lock  the  oscillators  of  intermediate  elements.  Since  the  phase 
of  the  mutually  coupled  signal  has  the  mean  phase  of  the  neighbouring 
elements  (  which  is  exactly  that  required  on  the  intermediate  element 
output  )  no  direct  locking  signal  or  phase  shifter  is  required  for 
these  elements. 

The  other  technique  previously  investigated  avoided  the  use  of 
conventional  microwave  phase  shifters  entirely  by  using  the  harmon¬ 
ically  locked  phase  shifting  principle  initially  proposed  by  Cullen''^) 
Though  it  is  normal  to  synchronise  an  injection  locked  oscillator 
to  a  reference  signal  which  is  close  in  frequency  to  the  free  running 

frequency  of  the  oscillator,  a  similar  locking  can  be  obtained  'if 
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the  reference  is  close  to  a  harmonic  of  the  free-running  frequency. 
However,  since  each  cycle  of  an  nth  harmonic  frequency  corresponds 
to  l/nth  of  a  cycle  of  the  fundamental,  and  each  harmonic  cycle  is 
identical  as  regards  the  locking  process,  the  fundamental  output 
of  a  harmonically  locked  oscillator  may  he  synchronised  at  a  series 
of  phase  positions,  each  separated  hy  exactly  2TT/n  radians.  By 
providing  control  of  the  phase  position  at  which  the  oscillator 
is  locked,  a  digital  phase  shifter  with  phase  increment  2n/n  radians 
may  he  formed.  The  use  of  this  technique  for  synchronising  snd 
phase  shifting  the  element  sources  in  an  active  array  was  described 
by  Al-Ani,  Cullen  and  Forrest^1^. 

> 

In  a  similar  context,  the  objective  of  the  work  described  in  this 
thesis  has  been  the  investigation  of  low  cost  active  element  designs 
for  both  transmission  and  reception,  with  again  particular  consid¬ 
eration  being  given  to  the  use  of  locked  oscillator  element  sources, 
as  opposed  to  the  relatively  well  established  amplifier  approach. 

2.4  Microwave  Phase  Shifters 

Noting  the  importance  of  the  phase  shifting  function  in  any  active 
element  design,  a  brief  review  of  the  characteristics  of  established 
microwave  phase  shifting  devices  is  given  below.  Initially  the  basic 
desired  phase  shifter  characteristics  may  be  summarised  as  follows  > 

1)  Low  insertion  loss.  Loss  introduced  by  phase  shifters  at  the 
array  apertures  reduces  the  radiated  power  arid  increases  the  noise 
figure  on  reception. 

2)  Reciprocal  operation.  To  avoid  the  necessity  of  phase  shifter 
switching  between  transmission  and  reception,  reciprocal  phase 
shifters  are  preferred. 
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3)  Rapid  switching  time.  The  switching  time  should  clearly  he 
short  for  rapid  beam  steering  but  particularly  so  if  non-reciprocal 
phase  shifters  are  used  since  the  switching  time  in  this  case  will 
influence  the  minimum  range. 

4)  Drive  Power.  Drive  power  should  be  low  to  minimise  power 
supply  requirements  and  to  avoid  cooling  problems, particularly 
for  mobile  and  airborne  applications. 

5)  Minimum  phase  increment  and  phase  error.  The  minimum  phase 
increment  required  for  a  digital  phase  shifter  will  be  related 
both  to  the  array  size  and  the  desired  sidelobe  level.  The  approach 
for  determining  the  required  level  of.  quantisation  is  discussed 
further  in  Chapter  5.  The  bit  number  N  of  a  phase  shifter  is  given 
by 

360 

’  ■pj  *  ^inc 

where  ip  is  minimum  phase  increment. 

6)  Low  cost.  As  previously  indicated,  the  phase  shifter  cost  can 
he  of  particular  importance. 

At  present  two  phase  shifter  types  are  predominantly  used  for 
electronic  scanning,  using  two  widely  different  approaches.  The 
ferrite  phase  shifter  uses  the  interaction  with  the  bulk  medium ' 
over  an  extended  region  of  propagation  to  effect  a  phase  shift.  In 
contrast  the  PIN  diode  of  a  semiconductor  phase  shifter  acts 
essentially  at  a  point,  providing  a  switching  function. 


iiiil  Ferrite  Phaae  Shifters 


Phase  shifting  with  ferrite  devices  is  achieved  using  the  change 

in  pezsaeability  which  occurs  with  application  of  a  magnetic  biasing 

field*  The  magnetic  properties  of  ferrite  are  due  to  the  spinning  ■ 

motion  of  the  electrons  within  the  material,  which  form  tiny  magnetic 

dipoles.  When  placed  in  a  magnetic  field  the  dipoles  tend  to  align 

themselves  with  the  direction  of  the  applied  field*  If  an  r.f. 

magnetic  field  whose  directional  is  orthogonal  to  the  dc  magnetic 

field  is  applied,  the  magnetic  moments  experience  a  torque  which 

causes  them  to  precess  about  the  applied  d.c.  field.  The  permeability, 
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which  is  related  to  the  gyroscopic  frequency,  can  be  changed 
by  adjusting  the  static  magnetic  field.  Non-latching  phase  shifters 
use  a  constantly  driven  external  coil  to  provide  a  fully  variable 
magnetic  field.  Latching  devices  use  the  remnant  magnetisation  left 
in  the  material  by  a  pulsed  coil. 

Three  configurations  have  been  found  to  be  of  practical  interest  i 
1 )  The  Reggia-Spencer  Phase  Shifter 

This  phase  shifter,  the  form  of  which  is  sketched  in  Fig.  2.1, 
is  a  reciprocal  non-latching  type,  consisting  of  a  ferrite  rod 
supported  inside  a  standard  waveguide  section,  with  a  solenoid 
wound  around  the  waveguide  to  apply  a  longitudinal  magnetic  field. 
Despite  its  basic  simplicity  this  type  has  seen  little  use  in  the 
phased  array  application.  The  main  drawbacks  of  the  design  are 
a)  the  high  level  of  drive  power  required,  arising  partly  from  the 
fact  that  a  DC  holding  current  must  be  applied  to  the  coil  to  main¬ 
tain  the  magnetic  field  and  partly  from  eddy  current  losses  in  the 
waveguide  walls}  b)  the  long  switching  time  required  (  typically 
>lOCjis)  to  change  the  magnetic  field  via  the  external  coil. 
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2)  The  Toroidal  Phase  Shifter 

The  toroidal  configuration,  which  is  by  far  the  most  widely  used, 
produces  a  non-reciprocal,  latching  device.  Ferrite  toroids  of 
length  proportional  to  the  amount  of  phase  shift  to  be  introduced 
by  each  section  are  threaded  with  wires  to  which  the  magnetising 
pulse  currents  are  applied.  A  waveguide  form  of  the  phase  shifter 
is  shown  in  Fig.  2.2,  although  microwave  integrated  circuit  realis- 

/  Q  * 

ations  more  suited  to  active  array  elements  are  also  possible'  1 

In  addition  to  ferrite  loss,  loss  can  be  easily  introduced  in  this 

design  by  the  generation  of  higher  order  modes  in  the  guide  $  in 

practice  it  is  common  to  introduce  a  resistive  sheet  into  the 

12)  ’ 

guide  to  suppress  these  ;  typically  losses  of  idB  are  then 
obtained.  One  of  the  main  attractions  of  the  torroidal  design  is 
high  switching  speed,  which  is  typically  2  -  5fis,  although  times 
down  to  Ips  are  quoted.  This  is  considerably  faster  than  that 
available  with  other  ferrite  designs. 

The  required  drive  power  of  latching  devices  is  normally  quoted 
in  terms  of  the  switching  energy  and  the  repetition  rate  }  the 
energy  required  to  switch  the  ferrite  toroid  between  oppositely 
magnetised  states  is  expressed  in  terms  of  the  hysteresis  loop 
area  •  Topically  the  required  switching  energy  for  a  4  bit, 

0  band  device  with  all  bits  changing  simultaneously  is^lmJ 
(  Electromagnetic  Sciences  Inc.,  Data  Sheet  7306).  Assuming  a 
switching  rate  determined  by  a  radar  pulse  repetition  interval 
of  100^3,  an  average  driver  power  of  277  will  be  required.  It 
may  be  noted  that  this  level  of  power  can  create  cooling  problems 
in  large  arrays  j  for  instance  a  100  x  100  element  array  will 
dissipate  20KW  of  drive  power. 


The  well  known  temperature  dependence  of  ferrite  phase  shifters  can 
be  distinctly  improved  using  the  flux  drive  approach  (  2)  in  which 
the  ferrite  is  switched  around  only  a  minor  hysteresis  loop,  the 
ferrite  not  being  driven  into  the  temperature  sensitive  saturated 
regions  in  either  state.  Quoted  temperature  ranges  of  -10°  to  +60°C 
are  then  obtained. 

The  frequency  range  of  toroidal  phase  shifters  extends  up  to  30GHz 
with  power  handling  typically  up  to  tens  of  XW.  Bandwidths  typically 
between  3  and  10^  are  obtained  in  practice. 

> 

3)  The  Dual  Mode  Phase  Shifter 

The  dual  mode  phase  shifter  uses  a  Faraday  rotator  in  conjunction 
with  a  ferrite  quarter-wave  plate  at  each  end  to  rea?ize  a  recipro¬ 
cal  device  considerably  faster  than  the  Keggia-Spencer  design, 
fiecent  designs  employ  a  small  square  waveguide  completely  filled 
with  ferrite  ;  in  practice  the  waveguide  wall  is  simply  plated  on 
the  ferrite  bar.  The  reported  results  indicate  that  the  performance 
of  thi3  design  is  only  slightly  inferior  to  that  of  the  toroidal 
with  regard  to  loss  and  bandwidth. 

2.4.2  PIN  Phase  Shifters 

The  PIN  diode  in  diode  phase  shifters  is  essentially  used  as  a 

switch,  either  to  switch  between  alternative  electrical  paths  or  to 

switch  the  reflection  coefficient  of  line  terminations.  An  advantage 

of  PIN  phase  shifters  is  that  all  types  are  reciprocal  and  generally 

provide  faster  switching  speeds  than  ferrites.  The  principal  PIN 

(15) 

phase  shifter  types  are  i '  ' 
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l)  Hybrid  Coupled. 

This  arrangement,  one  section  of  which  is  shown  in  Fig.  2.3,  uses 

a  3dB  quadrature  hybrid  coupler  for  each  phase  bit,  and  is  now  the 

nost  widely  used.  A  signal  appearing  at  port  1  is  split  with  equal 

amplitudes  but  quadrature  phase  between  ports  3  and  4.  For  the  180° 
phase  bit,  PIN  diodes  placed  at  these  outputs  provide  essentially 

an  open  circuited  or  short  circuited  termination,  with  the  result 

that  the  reflected  signal  appears  at  port  2  with  either  0°  or  180° 

phase  shift.  Smaller  phase  steps  are  obtained  from  the  180°  bit  by 

the  transformed  switch  method  ,  the  PIN  diode  now  being 

coupled  to  the  hybrid  via  an  ideal  transformer  of  appropriate 

«.  > 

transformation  ratio  and  i  wavelength  of  transmission  line.  A  phase 
shifter  of  the  required  bit  number  is  then  formed  by  placing  several 
sections  with  the  appropriate  phase  increment,  e.g.  22j°,  45°,  90° 
and  180°,  in  series. 


The  phase  shifter  insertion  loss,  typically  1  -  2dB  for  a  4  bit 
device, has  two  components.  The  lower  limit  of  the  insertion  loss 
that  may  be  obtained  results  from  the  non-ideal  switching  character¬ 
istics  of  the  PIN  diode  ;  the  diode  does  not  appear  either  as  an 
ideal  open  circuit  or  an  ideal  short  circuit  in  its  two  states*  For 
equal  dissipation  in  the  diode  under  forward  and  reverse  bias  (  for 
the  same  diode  mismatch  in  the  two  states  )  Stark^2  ^  gives  an 
approximate  expression  for  the  minimum  loss  of  a  single  bit  (  providing 
phase  shift  Aip )  as 


17.27  f  /A'fU 

Insertion  loss  (dB)  ■  -  sin(—— •) 


..2.2 


where  f  is  the  operating  frequency 


and  f  is  the  diode  cut-off  frequency, 
c 
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Taking  for  example  f  ■  lOGHSs  and  a  typical  cut-off  frequency  of 
300GHz,  the  minimum  insertion  loss  of  a  four  bit  phase  ahifte'r 
(  180°,  90°,  45°  and  22.5°  steps  )  is/^1.4dB.  The  other  component 
of  the  insertion  loss  is  simply  that  due  to  circuit  losses,  which 
for  the  TEM  modes  commonly  used,  is  typically ~  0«5dB,  giving,  for 
the  example,  an  overall  insertion  loss  of ~'1.9dB. 

Bxe  bandwidth  of  the  hybrid  coupled  design  is  basically  restricted 

by  the  bandwidth  of  the  transformers  used  ;  typically  10$  bandwidths 

are  obtained  in  practice.  Riase  shifting  speeds  are  strongly  dependent 

on  the  required  power  handling  capability;  for  low  power  applications 

> 

(  approximately  <  1W  )  switching  times  down  to  ^  50ns  can  be  achieved; 
for  higher  powers  switching  times  ^  Ijis  are  more  often  obtained. 

Ctoly  two  diodes  per  bit  are  required  for  this  design. 

2}  Loaded  Line 

The  loaded  line  configuration,  shown  in  Pig.  2.4  uses  switched 
loading  susceptances  spaced  a  quarter  wavelength  apart  along  a 
transmission  line.  This  arrangement  is  chosen  since  the  symmetric 
shunt  susceptances  (  or  series  reactances  )  will  have  mutually 
cancelling  reflections  providing  their  normalised  susceptances 
(  or  reactances  )  sire  smsill  compared  with  unity.  The  loading 
susceptances  are  switched  between  capacitative  and  inductive  states 
to  achieve  the  phase  shift,  however,  due  to  the  restriction  on 
magnitude  of  susceptance,  only  a  limited  phase  increment,  e.g.  45°» 
may  be  obtained  from  each  section  for  good  VSWB. 

Many  sections  are  thus  required  to  form  a  complete  phase  shifter, 
leading  to  higher  losses  and  cost  than  the  hybrid  coupled  type. 
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Hie  attraction  of  this  configuration,  however,  is  in  power  handling 
capability  since  many  diodes  are  now  used  to  share  the  phase  shifting  • 

task. 

3)  Switched  Line. 

The  most  obvious  means  of  obtaining  phase  shift  is  to  switch  between 
different  electrical  paths  ,  the  change  in  electrical  length  there¬ 
fore  providing  the  phase  shift.  Each  phase  shifter  section,  shown 
in  Fig.  2*5  no*  uses  four  diodes  per  bit,  and  is  theoretically 
capable  of  twice  the  power  capacity  of  the  hybrid  coupled  circuit 

since  no  voltage  doubling  by  reflection  is  produced,  'ihis  config- 
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uration  may  be  used  to  provide  true  time  delay  steering  as  opposed 
to  the  usual  0  -  360°  phase  steering. 

For  most  applications  except  those  requiring  high  power  handling 
capability,  the  hybrid  coupled  arrangement  is  usually  preferred 
since  the  minimum  number  of  diodes  are  required  and  the  insertion 
loss  is  low. 


I 
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A  comparison  of  typical  performance  of  FIN  and  ferrite  phase  shifters 
is  given  in  tables  2.1  and  2.2.  In  general  terms,  PIN  diode  phase 
shifters  have  advantage  in 

switching  speed  and  driver  complexity 
reciprocal  operation 
temperature  insensitive  phase  shift 
lower  size,  weight  and  cost. 

Ferrite  phase  shifters  have  advantage  in 
higher  power  handling  capability 
lower  insertion  loss 
lower  VSCTR 
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1  1 


Toroidal 

Reggia-Spencer 

Insertion  loss 

1#0  dB 

1.0  dB 

Switching  time 

1-3  |is 

0.1  -  1.0  ms 

Drive  power 

2  watts  at 

1,000  pps 

18  watts  at 

300  pps 

Phase  error 

..o 

10  xms 

10°  rms 

Transmitted  power 

75  kW  peak} 

400  watts 
average  * 

100  kff  peak; 

600  watts 
average 

Table  2.1  Typical  Characteristics  of  Ferrite  Phase  Shifters 


Insertion  loss 

1.0  -  2.0  dB 

Transmitted  power 

10  kW  peak;  200  watts  average 

Switching  time 

50  ns  to  2\13 

Drive  power,  including 

1.0  -  2.5  watts 

losses  in  drivers 

Table  2.2  Typical  Characteristics  of  PIN  Phase  Shifters 


2.4.3  Other  Phase  Shifter 


Other  electronically  variable  phase  shifters  of  little  importance 
for  this  application,  include  gaseous  discharge  types  (  variable 
dielectric  constant  ),  the  TWT  and  variable  capacitance  types 
(  varactors  ).  One  other  type  of  some  potential  for  the  future  is 
that  based  on  the  microwave  FET.  There  is  at  present  work  going  on 
in  several  establishments,  e.g.  Siemens  at  Munich  and  Lincoln  Labs, 
of  M.I.T,  aimed  at  producing  fully  integrated,  if  not  monolithic, 

FET  front  ends  which  for  the  active  array  application  could  include 
an  oscillator,  phase  shifter  low  noise  receiving  amplifier  and 
downconverting  mixer.  Phase  shifters  based  on  the  use  of  FETs  acting 
as  switches  in  combination  with  miniature  lumped  element  realisations 
of  the  hybrid  coupler  have  thus  also  been  receiving  attention  recent¬ 


ly^, 18, 19). 
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SOLID  STATE  MICROTAVE  GENERATORS  FOR  ACTIVE  ARRAYS 


3.0  Introduction 


The  major  existing  solid  state  devices  that  may  be  used  for 


microwave  power  generation  in  an  active  array  are  reviewed  in  this 


chapter,  with  the  aim  of  indicating  the  most  suitable  choice  at 


different  frequencies  and  showing  the  level  of  transmitted  power 


that  may  be  realistically  achieved#  The  characteristics  of  bipolar 


transistors,  FEI,  Iinpatt,  Gunn,  LSA  and  Trapatt  devices  are 


briefly  reviewed  and  a  graphical  presentation  is  given  of  the 


power  level  and  frequency  range  that  may  be  achieved  with  each 


of  these.  The  mechanism  of  operation  of  the  various  devices  is 


not  described  here,  since  such  a  description  for  all  the  devices 


considered  would  inevitably  be  lengthy  and  since  these  already 

(20) 


exist  in  many  texts 


Solid  state  device' powers  are  continually  being  updated,  and 


therefore  it  has  not  been  attempted  to  present  exact  current 


figures  but  rather  to  show  the  approximate  relative  power  levels 


at  present  being  achieved  with  the  various  devices.  A  comparison 


of  device  performance  is  made  in  the  chapter  summary. 


The  characteristics  of  obvious  importance  are  peak  power,  mean 


power,  efficiency  and  reliability.  In  most  cases  information  on 


reliability  is  only  available  for  specific  devices  used  in  military 


or  communication  equipment  (  terrestrial  and  satellite  )  but  in 


general,  the  devices  exhibiting  the  highest  reliability  are  bi¬ 
polar  transistors,  Impatts  and  Gunns  (  domain  mode  transferred 
electron  devices  )  where  mean  lifetimes  of  10^  hours  are  quoted 


for  the  latter  devices.  The  general  reliability  of  FETs  has  yet  to 
be  fully  established  but  ic  is  notable  that  some  FET  amplifiers 
have  been  adopted  for  use  in  satellite  communication  systems.  Where 
reliability  is  of  particular  importance  it  is  usually  necessary  to 
operate  devices  at  power  levels  considerably  below  their  maximum 
output,  since  the  liftime  of  a  device  is  strongly  dependant  on  its 
temperature.  When  device  temperatures  are  excessively  high,  the 
diffusion  of  the  contact  metals  into  the  semiconductor  material 
represents  a  common  source  of  failure. 

The  highest  mean  power  that  may  be  obtained  in  pulsed  mode  can  be 

> 

approximated  by  the  power  levels  obtained  for  CW  operation,  since 
the  same  limitation,  usually  that  of  thermal  dissipation,  similarly 
affectt  both  of  these  quantities.  The  difference  between  highest 
mean  and  CW  powers  that  can  arise  in  practice,  results  from  the 
use  of  slightly  different  device  structures  to  optimise  the  pulse 
performance,  usually  at  the  expense  of  thermal  design. 

Some  features  of  the  variation  of  the  device  powers  with  frequency, 
shown  in  Figs.  3.1  -  3.5,  are  worthy  of  mention  at  this  stage.  For 
most  of  the  devices,  the  ISA  being  the  notable  exception,  the  oper¬ 
ating  frequency  directly  influences  some  aspect  of  the  physical 
size  of  the  device,  for  instance  the  length  of  the  drift  region  in 
Gunn  and  inpatt  diodes.  Since  the  maximum  electric  field  strength 
that  may  be  applied  to  a  device  is  limited  finally  by  breakdown, 
this  can  lead  to  an  inverse  relationship  between  the  maximum  applied 
voltage  and  the  frequency  of  operation,  and  thus  a  l/f  relation¬ 
ship  between  maximum  power  output  and  frequency,  f  being  the  frequency. 
Clearly  the  reduced  thermal  capacity  of  smaller  higher  frequency 
devices  will  lead  to  a  reduction  of  the  pulse  power  obtainable  with 
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frequency  (  assuming  equal  pulse  lengths  ),  but  in  addition  the 
state  of  development  of  device  heat  sinking  technology  plays  a  large 
part  in  determining  the  relationship  between  power  and  frequency 
here.  The  relationship  between  maximum  output  power  and  frequency 
for  the  thermally  limited  case  is  therefore  less  predictable. 


Radar  range  performance  is  equally  dependent  on  the  noise  figure 
of  the  receiver  used  as  on  the  level  of  transmitted  power  and  there¬ 
fore  current  developments  in  low  noise  PET  preamplifiers  are  also 
considered. 


id  Transistors 
Bipolar  Transistors 


Bipolar  transistors  at  present  dominate  the  field  of  solid  state 
power  generation  from  audio  frequencies  to  4GHz.  Although  Trapatt 
and  ISA  devices  are  capable  of  generating  higher  peak  powers  at  the 
low  microwave  frequencies,  the  well  established  advantages  of  bipolar 
transistors  have  led  to  their  nearly  exclusive  use  in  TJHF,  L  band 
(  1-2GHZ  )  and  S  band  (  2-4GHz  )  communications  and  solid  state  radar 
developments.  The  principal  advantages  are 

a)  Well  understood  device/circuit  interaction.  This  leads 
to  well  established,  reproducible  circuit  design. 

b)  Relatively  high  peak  and  mean  power.  The  powers  typic¬ 
ally  available  from  bipolar  transistors  in  pulsed  and  CW  modes  are 
shown  in  Pig.  3.1.  It  is  noticeable  that  there  is  only  a  relatively 
small  increase  in  peak  power  under  pulse  conditions.  This  indicates 
that  it  is  a  voltage  rather  than  a  thermal  restriction  which  limits 
the  peak  output  power.  Much  of  the  development  of  high  power  pulsed 
bipolars  has  in  fact  been  due  to  military  sponsored  programmes  aimed 
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at  producing  suitable  devices  for  UBF  and  L  band  active  phased  array 
radars.  Using  several  devices  in  parallel  with  a  combining  circuit, 
modular  active  array  elements  producing  several  hundred  Watts  with 
pulse  lengths  up  to  several  ms  have  been  produced  at  TJH?  and  L  band 
frequencies.  The  USAF  Pave  Paws  active  array  radar  for  example  pro¬ 
duces  440W  peak  power  per  element  module  at  430MHz  from  4  parallel 

(ll) 

devices,  with  pulse  lengths  up  to  16  ms  for  very  long  range 
surveillance.  Pulse  compression  is  used  to  improve  the  range  resol¬ 
ution  here. 

c)  Efficiency.  The  efficiency  of  bipolar  transistors, 

typically  40  -  50$,  compares  well  with  that  of  microwave  vacuum  tubes 

> 

and  is  significantly  higher  than  that  of  most  other  solid  state  dev¬ 
ices,  with  the  possible  exception  of  the  Trapatt  and  FET. 

The  frequency  range  of  bipolar  transistors  extends  to  X  band 
(  8  -  12GHz  )  with  CW  power  approaching  1W  at  8GHz.  Before  the  dev¬ 
elopment  of  avalanche  and  transferred-electron  devices,  considerable 
effort  was  devoted  to  varactor  frequency  multipliers  for  use  with 
bipolar  sources  to  generate  power  at  frequencies  above  a  few  1Hz. 

This  technique  was  used  in  the  early  MERA  X  band  active  phased  array 
in  which  at  2.25GHz  signal  amplified  by  bipolar  transistors,  was 
multiplied  by  A  to  give  a  radiated  output  at  9GHz,  with  50$  conver¬ 
sion  efficiency.^  Given  a  l/f^  relationship  between  power  and 
frequency,  -  ,iere  f  is  the  frequency,  higher  output  powers  can  often 
be  obtained  from  a  lower  frequency  source  plus  a  multiplier,  despite 
multiplier  loss,  than  from  direct  generation  at  the  required  frequency 
with  the  same  device.  The  l/f  relationship  reduces  the  available 
power  at  6dB/octave,  whilst  a  x2  multiplier  normally  introduces  much 
lower  attenuation}  typically  3dB  for  x4  at  the  low  microwave  fre¬ 
quencies  but  increasing  with  frequency  above  this. 
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This  relationship  can  he  more  clearly  seen  considering  a  generalised 

device  of  length  1  and  carrier  velocity  v  .  with  load  resistance  R. 

c 

The  output  power  P  is 


where  7  is  the  voltage  existing  across  the  device.  Zn  terms  of  the 
electric  field  strength  E  we  have 


V  -  E.l 


and  also 


vc“  l/xt 


where  x^  is  the  transit  time  of  carriers  across  the  device.  Thus 


E2v2  x  2 


P  -  Ev  x 


Since  the  transit  time  will  he  approximately  related  to  the  frequency 
of  operation  f  by 


?  +  a  1 


we  have 


»  E2v  2 


The  output  power  will  he  a  maximum  when 


and  v  =  v 
c  cs 

where  E.  is  the  breakdown  field  and  v  is  the  saturated  carrier 


velocity. 
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=  V 


p  .r 

max 


a  constant 


This  relationship  is  commonly  found  with  microwave  semiconductors. 


There  voltage  breakdown  is  not  the  primary  problem,  heat  generated 
within  the  device,  resulting  from  the  limited  efficiency  of  micro- 
wave  semiconductors,  provides  the  restriction  on  power  output.  The 
use  of  multipliers  however,  considerably  increases  the  circuit  com¬ 
plexity,  resulting  in  higher  cost  and  reduced  reliability,  and  in 
addition  they  may  provide  only  a  restricted  bandwidth.  Their  use 
is  therefore  not  usually  preferred  where  alternative  sources  exist 
giving  direct  generation  at  the  required  frequency.  Multipliers  can, 
of  course,  be  used  in  conjunction  with  any  solid  state  source. 


Field  Effect  Transistors 


Microwave  power  GaAs  FETs  are  a  relatively  new  addition  to  the  micro- 
wave  solid  state  field  and  are  at  present  experiencing  rapid  develop¬ 
ment,  the  usual  form  being  the  gallium  arsenide  Schottky  junction 
device  (  MESFET  ).  FST  performance  now  surpasses  that  of  bipolar 
devices  at  X  band  and  above,  with  possible  operation  to  20GHz  i.e. 
approximately  an  octave  above  the  frequency  limit  of  bipolars.  CW 
results  presently  reported  are  shown  in  Fig.  3,1.  Few  results  for 
pulsed  operation  are  available  at  this  time,  but  a  large  increase 
in  peak  power  for  pulsed  mode  would  not  be  expected  since  voltage 
breakdown  rather  than  thermal  considerations  are  likely  to  limit  the 
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device  power.  Increases  in  power  to  10W  or  more  CW  at  10GHz  are 

(22) 

confidently  predicted,  which,  combined  with  high  efficiency 


(  ~  30$  )  and  simplicity  of  fabrication,  makes  this  device 
appear  attractive  for  the  future.  Present  costs,  reflecting  develop¬ 
ment  expenses,  are  naturally  relatively  high. 


Che  other  aspect  giving  further  potential  to  the  PET  is  its  versat¬ 
ility.  FETs  can  be  used  for  power  amplification,  low  noise  amplif¬ 
ication,  mixing  (  dual  gate  FETs  )  and  also  as  switches  for  phase 
shifters  as  Mentioned  in  Chapter  2.  These  are  exactly  the  functions 

required  for  an  active  array  element  and  there  would  obviously  be 

> 

advantage  in  using  one  device  technology  to  achieve  them  all,  ideally 


in  a  monolithic  form.  Related  developments  in  this  area  are  being 

( 19) 

made  by  Philips  but  full  integration  of  such  an  element  is  at 


present  some  way  off.  Device  yield  alone  will  probably  be  a  limit¬ 
ing  problem  here. 


hi  Avalanche  Devices 


Dapatts 


Impatt  devices  presently  provide  the  highest  CW  powers  available 
above  —  5GHz  although  it  seems  likely  that  FETs  will  soon  reduce 
this  lead.  Impatts  are  made  with  a  variety  of  doping  struotures  in 
both  silicon  and  gallium  arsenide,  the  latter  providing  the  highest 
efficiencies  and  by  a  small  margin  the  highest  powers.  The  efficiency 
of  silicon  devices  is  typically  10  -  1 6$,  that  of  GaAs  types  20  -  35$* 
Silicon  devices  are  now  tending  to  be  restricted  to  the  higher  fre¬ 
quency  (  >  20  GHz  )  applications,  producing  directly  generated  power 
at  frequencies  up  to  200GHz.  Present  power  levels  are  shown  in  Fig. 
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3.2.  Powers  of  several  watts  are  available  from  CW  devices  at  10GHz 
with  pulse  powers  reaching  3057  at  this  frequency.  Double  drift 
structures,  i.e.  structures  with  a  drift  region  on  either  side  of 
the  p-n  or  Schottky  avalanche  junction,  are  being  adopted  to  increa.:: 
power  and  efficiency. 


Resulting  from  their  use  as  communications  link  amplifiers,  consid¬ 
erable  attention  has  been  given  to  the  subject  of  Impatt  reliability 

7 

and  mean  lifetimes  of  10'  hrs  have  been  predicted  for  devices  run 

(21) 

below  their  maximum  output 


Trapatts 


Trapatts,  like  Impatts  are  essentially  simple  two  terminal  avalanche 
diodes  offering  relatively  high  power  and  efficiency,  particularly 
in  this  case,  for  pulsed  operation.  Although  Trapatts  are  not,  as 
yet,  commercially  available,  very  encouraging  results  have  been  obtain¬ 
ed  from  laboratory  devices  and  some  are  now  being  tested  in  military 
systems.  Trapatts,  which  at  present  are  nearly  all  fabricated  in 
silicon,  have  been  operated  from  400MHz  to  12GHz  but  their  main  area 
of  application  is  to  pulsed  sources  in  the  approximate  range  1  -  5-'Hz » 
where  they  compete  with  pulsed  bipolar  transistors.  Current  power 
levels  are  shown  in  Pig.  3»3»  Pulse  powers  up  to  20077  have  been 
achieved  from  single  devices  using  narrow  pulse  widths  (  0.5  )is  ) 

in  the  3  -  4GHz  range,  with  8077  for  longer  10  jj.s  pulse  widths  ^1 ), 

Pulse  powers  over  1KW  have  been  obtained  at  I.JGHz  by  combining  the 
outputs  of  several  devices  . 


Efficiencies  of  the  order  of  30$  — s  typically  obtained,  but  higher 
levels  up  to  60$  have  been  theoretically  predicted.  Despite  out- 
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standing  ilse  performance,  the  CW  powers  of  Trapatts  axe  low,  reflect¬ 
ing  diff'  ulties  of  heat  sinking  the  device,  higher  CW  power  usually 
being  ot  lined  from  bipolar  transistors. 

A  disa<  antage  of  the  Trapatt,  which  previously  lei  to  serious  doubts 

about  le  usefulness  of  the  device  as  a  practical  source,  is  the 

compl<  Ity  of  the  microwave  circuit  design  required  to  achieve  correct 

opera  ion.  A  matching  circuit  is  required,  often  realised  with  an 

iris  )i  slug  tuned  coaxial  line,  that  acts  as  a  band  pass  filter  to 

the  .e sired  fundamental  output,  but  reflects  harmonics  in  the  output 

back  to  the  diode  to  initiate  the  next  cycle  in  the  oscillation. 

> 

Previously,  the  characteristics  of  individual  devices  had  to  be  deter¬ 
mined  to  produce  the  necessary  circuit  design.  This  problem,  along 
with  that  of  leading  edge  jitter  is  now  being  overcome  and  present 

oscillator  circuits  allow  field  replacement  of  the  diode  given  a  10$ 
(19) 

match  in  capacitance  .  Device  reliability  is  sIbo  being  improved. 

A  characteristic  of  this  device  is  that  the  conventional  method  of 
electronic  tuning  microwave  oscillators  with  varactor  diodes  is  not 
suitable  for  Trapatt  circuits  due  to  the  need  to  maintain  the  necessary 
matching  conditions  at  the  fundamental  output  and  at  the  harmonics, 
however,  electronic  tuning  of  70DHz  at  2GHz  has  been  reported  by  apply¬ 
ing  a  magnetic  field  to  a  ferrite  substrate  upon  which  the  resonant 
(23) 

circuit  is  formed  • 

hi  Transferred  Electron  Devices 

GaAc  Gunn  devices  (  i.e.  domain  mode  transferred  electron  devices  ) 
at  present  dominate  the  field  of  low  to  medium  power  generation  in 
the  4  -  40GHz  band,  due  to  their  low  voltage  requirements,  and  low 
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noise  (  at  least  with  respect  to  the  main  contender  -  Impatts  ). 

These  advantageous  characteristics  usually  outweigh  the  disadvantage 
of  low  efficiency,  which  is  typically  below  7$.  The  power  levels 
achieved  with  higher  power  GaAs  devices  are  shown  in  Pig.  3»4»  CW 
powers  of  ~  1W  are  achieved  at  10GHz,  this  being  about  the  same  as 
that  of  GaAs  PSPs  and  slightly  less  than  that  available  from  Impatts. 

In  pulsed  mode  Gunn  devices  offer  peak  power  levels  at  — •  10GHz  which 
are  only  surpassed  by  LSA  mode  devices.  Por  5  ys  pulse  length  and 
0.01  duty  cycle,  30W  peak  at  10GHz  is  reliably  achieved  from  GaAs 
with  8$6  efficiency.  Best  current  results  at  this  frequency  are  at 
the  60W  level^19). 

(24,25) 

Hecent  developments  in  InP  indicate  that  increased  power  and 
efficiency  may  be  obtainable  from  devices  fabricated  in  this  material. 
Pulse  powers  of  up  to  21W  peak  with  15$  efficiency  have  been  achieved 
at  15GH2  with  0.5^s  pulse  length  and  0.001  duty  cycle.  Mean  powers 
of  1.5W  at  1|is  pulse  length  and  0.1  duty  cycle  have  also  been  achieved 
at  this  frequency.  Since  InP  devices  also  exhibit  a  lower  frequency 
sensitivity  with  temperature,  yielding  lower  chirp  (  inter-pulse 
frequency  change  )  of  pulsed  sources,  it  appears  that  this  material 
will  see  increased  use  in  future  devices.  The  reduced  scattering 
time  of  InP  makes  it  particularly  attractive  for  higher  frequency 
(  >  10GHz  )  applications. 

LSA  Mode  Devices 


Transferred  electron  diodes  operated  in  LSA  (  Limited  Space -charge 
Accumulation  )  mode  offer  the  highest  pulse  powers  obtainable  from 


microwave  solid  state  devices.  Although  these  are  still  below  the 


maximum  pulse  powers  of  vacuum  tubes  by  a  factor  of  10^  to  10^,  they 
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represent  the  closest  approach  to  a  solid  state  vacuum  tube  replace¬ 
ment.  The  power  levels  that  have  been  achieved  are  shown  in  Fig.  3«5* 
For  sub- jAs  pulse  lengths  and  duty  cycles  typically  0.001  or  less, 
peak  power  up  to  iXff  at  8GHz  has  been  achieved.  Lover  power  operation 
with  longer  pulse  widths  or  increased  duty  cycle  is  also  possible. 

LSI  devices  are  usually  operated  in  pulsed  mode  at  low  duty  cycle 
as  a  result  of  difficulties  of  heat-sinking  the  relatively  large 
device.  The  problem  of  heat  dissipation  limits  the  mean  power  to  no 
more  than  that  obtainable  from  Gunn  or  Impatt  devices  and  it  is  for 
this  reason  that  Ci7  LSA  devices  are  uncommon.  Efficiencies  are 
typically  around  20$. 


Hie  development  of  LSA  devices  has  been  hampered  by  problems  in  the 
design  of  the  optimum  bias  pulse  required  to  initiate  LSA  mode  oper¬ 
ation;  initial  operation  in  the  Gunn  (  domain  )  mode  can  lead  to 
device  failure  at  high  power  level  due  to  voltage  breakdown.  Poor 
reliability  due  to  this  effect  remains  a  problem  at  present,  but  in 
other  respects  the  device  is  attractive  for  pulse  radar  applications. 


2A  FET  Preamplifiers 


Whilst  considering  solid  state  microwave  power  sources  for  active 
arrays  it  is  useful  also  to  consider  the  subject  of  solid  state 
microwave  receiving  preamplifiers,  since  within  limits,  radar  range 
performance  can  be  improved  equally  well  by  reducing  the  receiver 
noise  figure  as  by  increasing  the  transmitted  power.  Low  noise  solid 
state  amplifiers  can  be  used  to  provide  distributed  preamplification 
on  reception  (  i.e.  a  preamplifier  within  each  array  element  )  in 
the  same  way  that  the  power  generation  is  distributed  on  transmission. 
The  advantage  of  this  is  that  the  loss  of  the  array  power  combining 
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Frequency  (GHz) 


Fifl*  3«5  Power  Levels  Obtained  from  LSA  Mode  Transferred  Electron  Devices 


network  does  not,  In  this  case,  significantly  degrade  the  receiver 

noise  figure.  The  received  signal  nay  also  be  downconverted  to  an 

intermediate  frequency  within  the  elements  in  which  case  the  power 

combing  task  is  made  considerably  easier.  Previously,  low  noise 

bipolar  transistors  and  tunnel  diode  amplifiers  have  been  used  to 

provide  preamplification  within  each  element,  (  parametric  amplifiers 

are  considered  too  costly  for  this  application  )  however,  microwave 

low  noise  Gads  FET  amplifiers  have  been  developed  in  recent  years 

which  offer  significantly  lower  noise  figures  in  the  1  -  20GHz  range. 

A  comparison  is  given  in  Pig.  3.6  of  the  approximate  variation  of 

noise  figure  with  frequency,  of  FETTs,  bipolar  transistor,  tunnel  diodes, 

> 

parametric  amplifiers  and  Schottky  diode  mixers.  It  may  be  seen  that 
FETs  provide  noise  figures  comparable  to  those  of  parametric  amplifiers 
at  the  lower  frequencies  of  this  range. 

A  recent  addition  to  microwave  semiconductor  devices  which  may  call 

for  a  re-appraisal  of  the  usual  preamplifier-mixer  configuration  is 

the  dual-gate  microwave  FET.  This  device  may  be  vised  to  provide  both 

low  noise  mixing  and  amplification,  and  although  still  in  quite  an 

early  stage  of  development,  a  noise  figure  of  4dB  with  conversion 

(iq) 

gain  of  4dB  has  been  obtained  at  12GHZ  7  .  This  device  therefore 
has  promise  for  future  receiver  front-ends. 


conclusions 


Graphs  summarizing  the  peak  and  CW  powers  obtained  from  the  various 
solid  state  sources  are  shown  in  Figs.  3.7  and  3.8.  For  pulsed  oper¬ 
ation,  the  results  of  LSA  mode  devices  are  outstanding  in  terms  of 
peak  (  but  not  mean  )  power}  however,  this  device  type  is  also  the 
least  well  developed  since  reliable  operation  has  been  difficult  to 


achieve 


Trapatt  devices  offer  higher  peak  powers  than  bipolar  transistors 
but  the  Trapatt  has  suffered  in  the  past  from  a  lack  of  clear  under¬ 
standing  of  the  required  matching  circuit  design;  however,  this 
situation  is  markedly  improving.  Above  5GHz  both  Impatt  and  Gunn 
devices  exist,  Gunn  diodes  typically  offering  higher  peak  power  and 
lower  voltages,  whilst  Impatts  typically  provide  higher  mean  power 
and  efficiency.  Ihe  efficiency  and  mean  power  of  Gunn  devices  is 
improving  however,  with  the  use  of  InP  material. 

> 

Be  suits  for  CW  operation,  shown  in  Fig.  3.8  show  much  closer  grouping 
than  the  pulsed  mode  results,  reflecting  similarities  between  the 
various  devices  in  the  problems  of  heat  dissipation.  Bipolar  tran¬ 
sistors  offer  the  highest  powers  in  the  lower  end  of  the  microwave 
frequency  range,  giving  way  to  Inpatts  at  frequencies  about  ~  5GHz. 
FETa  at  present  produce  CW  powers  at  approximately  the  same  level 
as  Gunn  devices,  although  it  is  likely  that  FET  CW  powers  will  increase 
to  surpass  those  of  Gunns  and  Impatts  within  the  next  few  years. 

Above  20GHz  Impatts  are  the  main  source  of  power;  however  InP  Gunn 
devices  may  compete  for  this  position  in  the  future  as  In?  material 
technology  becomes  established. 

Fig.  3.9  shows  a  comparison  of  device  efficiencies,  the  levels  shown 
representing  '  good  *  results.  Both  bipolar  and  field  effect  tran¬ 
sistors  exhibit  fairly  high  efficiencies  below  10GHZ.  It  is  likely 
that  FET  efficiency  will  increase  to  the  40  -  50$  range  as  the  device 
design  is  further  refined.  Tr-.pett  efficiency  can  extend  to  the 
50  -  60$  range  but  results  at  around  the  30$  level  are  much  more  com¬ 
monly  obtained.  Around  10GHz  Impatts  can  provide  efficiencies  between 


10  and.  3 Of)  depending  os  the  structure  and  material,  bat  over  most  of 
thim  range  this  is  normally  greater  than  that  of  Gunn  devices,  which 
provide  the  lowest  efficiency. 

It  oast  be  borne  in  mind  when  considering  the  choice  of  the  solid 
state  generators  for  use  in  an  active  array,  that  the  probability  of 
detecting  a  target  in  radar  systems  is  related  to  the  mean  rather 
than  the  peak  radiated  power,  the  modulation  imposed  upon  the  trans¬ 
mission  such  as  those  of  pulsed  or  £107  modes  being  unimportant  in 
this  respect.  The  limited  peak  powers  obtainable  from  solid  state 

devices  result  in  highest  mean  powers  being  obtained  when  operated 

> 

CW  or  at  high  duty  cycle*  If  mean  radiated  power  were  the  only  con- 
eideration,  a  CW  transmission  using  bipolar  transistors  for  frequen¬ 
cies  below  5GHz  and  Impatts  for  frequencies  above  5GHz  would  probably 
be  chosen*  For  future  systems  the  CW  FET  would  appear  attractive  in 
the  5  “  15C£z  range,  ill  of  these  devices  exhibit  relatively  high 
power,  efficiency  and  reliability. 

In  practice,  however,  CW  modulations  are  not  favoured.  Except  in  the 
case  of  bistatic  or  multistatic  radar  configurations  ^  the  use  of 
modulated  CW  transmissions  is  restricted  by  direct  leakage  that  will 
inevitably  exist  between  the  transmitter  and  the  receiver.  Techniques 
such  as  adaptive  cancellation  can  be  used  to  reduce  the  leakage  level 
but  the  range  performance  obtained  with  CW  radars  is  generally  infer¬ 
ior  to  that  obtained  when  conventional  pulsed  transmissions  are  used. 
Nevertheless,  in  simple  radar  applications  where  long  range  perform¬ 
ance  is  not  required,  e.g.  trawler  or  small  boat  radars,  a  CW  trans¬ 
mission  can  be  considered.  This  approach  is  at  present  receiving 
attention  at  the  Philips  Research  laboratories  *  a  solid  state  FMCW 
small  boat  radar  is  being  developed  in  which  a  Fast-Fourier  Transform 
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processor  is  used  to  decode  the  received  signals  to  provide  range 
information . 


ft, 
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Die  conventional  low  duty  cycle,  high  peak  power  mode  of  operation, 

which  is  usually  the  cost-effective  solution  for  rise  with  vacuum  tube 

transmitters  is  not  well  suited,  however,  to  solid  state  device. 

With  the  exception  of  LSA  and  Trapatt  devices  (  these  unfortunately 

also  being  the  least  well  understood  ),  the  mean  power  obtainable 

from  solid  state  devices  is  significantly  lower  when  operated  with 

short  pulses  (  ^  1  ^s  )  and  low  duty  cycle  (  0.i$  ),  than  for 

operation  CW  or  at  high  duty  cycle.  The  compromise  that  is  usually 

> 

adopted  for  active  arrays  is  to  retain  the  pulBed  mode  of  operation 

for  which  no  leakage  problem  exists  and  for  which  receiver  signal 

processing  is  relatively  simple,  but  with  the  use  of  long  pulses 

ranging  from  a  few  jjis  to  many  ms  so  that  the  improved  solid  state 

mean  power  capabilities  at  higher  duty  cycle  can  be  used.  The  pulse 

length  used  is  obviously  restricted  in  practice  by  the  minimum  range 

requirement.  The  maximum  pulse  length  X  for  a  desired  minimum 

range  R  .  is  given  by 
mxn 

"tmax  "  £  *mln 
‘  c 

where  c  is  the  velocity  of  HP  propagation. 

Radar  range  resolution  can  be  maintained  at  a  desired  level,  despite 
the  use  of  long  pulses  by  the  adoption  of  pulse  compression  techni¬ 
ques.  Pulse  compression  involves  the  superposition  of  a  coding  on 
the  long  transmitted  pulse  and  subsequent  processing  of  the  received 
echo  to  obtain  the  range  resolution  of  a  narrow  pulse. 

The  technique  can  be  explained  in  simple  terms  considering  initially 
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the  generation  of  a  long  pulse  from  a  narrow  one.  A  narrow  pulse 
oontaina  a  large  number  of  frequency  components  with  a  precise  phase 
relationship  between  them.  If  these  relationships  are  altered  in  a 
phase  distorting  (  coding  )  filter  a  longer  expanded  pulse  will  be 
produced.  An  example  of  this  is  found  in  the  response  of  a  disper¬ 
sive  SAW  delay  line  to  a  narrow  input  pulse;  a  longer  pulse  with 
inter-pulse  frequency  variation  is  produced  at  the  output.  Hie  ex¬ 
pended  pulse  is  then  transmitted,  and  the  received  target  echoes  are 
applied  to  a  filter  with  a  complimentary  response  to  the  coding  filter, 
Hie  original  phase  relationships  are  here  re-established  and  a  narrow 
pulse  is  produced;  it  is  this  which  then  determines  the  range  resolu¬ 
tion,  despite  the  length  of  the  transmitted  pulse. 


Both  linear  IV  and  digital  phase  codes  are  used  in  practical  pulse 
compression  systems,  the  linear  IV  coding  being  the  more  common. 
Signal  bandwidths  between  1  and  1023Hz  are  typical. 


lhe  optimum  device  choice  for  use  with  a  pulse  compression  trans- 
mission  is  less  clear  than  that  for  a  CW  transmission  and  will  depend 
to  a  large  extent  on  the  range  coverage  required  and  thus  on  the  pulse 
length  used.  For  short  pulse  lengths  (  1  -  10  fis  )  the  Trapatt  and 
Pulsed  Gunn  devices  offer  the  highest  peak  powers  below  and  above  5GB® 
respectively.  Although  the  reliability  and  understanding  of  the  ISA 
device  may  improve  in  the  future,  it  is  not  at  present  at  an  adequate 
stage  of  development  for  practical  use.  For  longer  pulse  lengths 
than  ~  10^, a,  where  long  range  performance  is  of  more  importance  than 
short  range,  bipolar  transistors  below  5GHz,  and  Impatts  and  FETs 
above  this  frequency  would  probably  be  chosen. 


It  is  interesting  that  high  peak  power  (  >  )  vacuum  tube  driven 
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.radars  also  adopt  the  pulse  compression  technique,  showing  that  cost 
considerations  favour  an  increase  in  duty  cycle  rather  than  an  increase 
in  peak  power  at  this  level* 

Fig*  3*10»  from  a  similar  plot  by  Nergaard^)  shows  the  peak  and 

CV  powers  obtained  from  individual  vacuum  tubes  and  solid  state 

devices*  'Hie  results  for  pulse  ISA.  devices  are  shown  separately* 

The  CV  powers,  approximating  the  best  mean  powers  that  may  be  achieved, 

show  vacuum  tubes  to  have  a  factor  of  ^Q  or  more  advantage  in  the 

common  1  -  10GHz  radar  bands.  Ideally,  equivalent  performance  could 

5 

therefore  be  achieved  from  an  active  array  of  10  elements  each  con- 

> 

taining  a  single  device,  or  from  a  lower  number  of  elements  if  several 
devices  are  operated  in  parallel  in  each  element.  Although  very  large 
solid  state  active  arrays  have  been  built,  the  cost  of  these  is  pro¬ 
hibitively  high  except  for  a  small  number  of  specialised  military 
applications.  A  more  reasonable  range  of  application  for  active 
arrays  will  probably  be  in  smaller  systems  of  up  to  a  few  hundred 
elements,  where  reliability,  small  size  and  weight,  and  reduced 
power  supply  requirements  will  be  particularly  important  features, 
such  as  in  mobile  and  airborne  equipments.  Example  applications  in 
the  military  field  include  battlefield,  fire  control  and  ship  missile- 
defence  radar.  In  the  non-military  field, aircraft  weather  radar, 
requiring  typically  a  few  HWs  pulse  power,  could  be  a  suitable  applic¬ 
ation. 
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4.0  Introduction 


Bio  purpose  of  this  chapter  is  to  examine  the  injection  locking  and 
phase-locked  loop  forms  of  oscillator  synchronisation  in  order  to 
predict  the  behaviour  of  sources  thus  synchronised  in  the  active 

array. 


Previous  active  array  element  designs  have  in  the  main  employed  the 
amplifier  configuration  for  the  element  solid  state  source,  the  reason 
for  this  being  the  predictability  of  amplifier  behaviour  and  familiar¬ 
ity  with  the  amplifier  concept.  The  phase  error  introduced  by  the 

> 

amplifier,  an  important  feature  for  the  control  of  sidelobes,  is  com¬ 
posed  of  two  components!  that  due  to  the  basic  group  delay  and  that 
introduced  for  signals  of  different  frequency  across  the  quoted  band¬ 
width,  e.g.  -  45°  at  the  3dB  points  of  a  simple  resonant  cavity.  Bie 
main  disadvantage  of  the  amplifier  for  active  elements  is  the  limited 
gain  available  from  solid  state  microwave  sources}  typically  this 
only  6  -  10dB.  To  avoid  the  need  for  a  relatively  high  level  input 
to  each  element,  which  for  a  large  array  could  only  be  generated  by 
a  vacuum  tube  source,  several  stages  of  amplification  will  be  required 
within  each  element,  leading  to  high  cost  and  complexity.  The  work 
described  in  this  thesis  has  focussed  on  the  use  of  synchronised 
oscillator  element  sources  which  have  the  potential  of  higher  gain 
per  stage  and  thus  simpler  element  design. 

Ihe  features  of  synchronised  oscillators  that  must  be  considered 
are! 

1 )  the  magnitude  of  the  steady  state  phase  error  between  the 
input  and  output  signals  introduced  by  the  locking  process 

2)  the  transient  response  and  time  required  for  the  phase 
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error  to  settle  within  an  acceptable  margin  of  the  steady  state 
value 

3)  where  long  pulses  are  used,  the  response  to  modulations 
imposed  on  the  input  signal  to  increase  the  transmitted  bandwidth 

4)  the  effect  of  locking  on  the  noise  output  of  the  oscill¬ 
ator*  This  is  considered  only  briefly* 

It  should  be  noted  that  it  is  the  phase  error  between  array  elements 

that  is  important  for  sidelobe  control  and  phase  errors  introduced 

by  the  locking  process  that  are  identical  between  elements  are  not 

a  problem*  practice  the  phase  errors  introduced  will  not  be  the 

> 

same,  but  possible  phase  differences  between  elements  can  be  minim¬ 
ised  by  ensuring  that  the  maximum  phase  error  on  the  output  of  any 
element  is  within  acceptable  margins*  For  example,  if  the  maximum 
output  phase  error  introduced  under  the  most  adverse  circumstances 
is  -  10°,  the  worst  case  spurious  phase  difference  between  elements 
will  be  20°,  Since  the  phase  error  introduced  (  for  instance  by 
temperature  drift  of  the  free  running  frequency  )  is  often  similar 
for  all  elements,  the  probable  phase  difference  between  elements 
may  be  <  5°«  Typical  requirements  for  a  locked  source  could  be  a 
maximum  phase  error  of  -  10°  and  a  minimum  time  to  acquire  lock  of 
100ns  for  a  1  4s  pulse  length* 

For  both  injection  locking  and  the  phase-locked  loop  method  of  lock¬ 
ing  both  steady  state  and  transient  behaviour  of  locked  sources  are 
examined.  The  important  aspect  of  phase-locked  loop  stability  and 
its  effect  on  performance  is  examined  and  the  heterodyne  loop,  used 
heavily  in  subsequent  element  designs,  is  presented.  Since  the  char¬ 
acteristics  of  injection  locked  microwave  sources  are  fairly  well 
established  a  relatively  simple  model  is  adopted  for  this.  More 


attention  is  given  to  the  description  of  the  phase-locked  loop. 


Ike  injection  locking  technique  for  synchronising  non-linear  oscill¬ 
ators  has  previously  received  much  attention  and  detailed  models 
have  been  developed  for  predicting  performance^8^  •  In  previous 
work  at  University  College  London,  Al-Ani^2^  and  Darbandi^0)  in 
particular  have  considered  the  application  of  injection  locking  to 
active  arrays,  via  the  harmonic  locking  and  the  interpolation  lock¬ 
ing  techniques.  In  light  of  the  previous  detailed  work,'  only  a  rel- 

> 

atively  simple  model  for  injection  locking  is  adopted  here,  but  this 
nevertheless  serves  well  to  indicate  the  nature  of  the  performance 
that  may  be  obtained  with  injection  locked  sources. 


Neglecting  voltage  dependent  susceptance  and  frequency  dependent 
effects,  the  behaviour  of  a  circulator  coupled  injection  locked 
oscillator  is  described  by^28) 


where  tpg,  the  phase  error,  is  the  phase  of  the  oscillator  output 
measured  with  respect  to  the  locking  signal 
U)q  is  the  oscillator  free  running  angular  frequency 
Au>  ■  u>i  “  ,  is  the  difference  between  the  locking  signal 

angular  frequency  u)  ^ ,  and  the  free  running  angular  freq¬ 
uency  U)q 

4  is  the  oscillator  locking  Q  factor  (  ~  loaded  Q  ) 
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P^  is  the  injected  signal  power 
Pg  is  the  measured  output  power 


This  expression  is  valid  when  the  assumption  can  be  made  that  the 
oscillator  output  voltage  is  not  significantly  changed  by  the  presence 
of  the  locking  signal  i.e.  In  practice  this  condition  is 

satisfied  for  locking  gains  of  lOdB  or  more,  and  since  this  is  the 
range  for  which  injection  locking  can  offer  higher  gain  than  that  of 
a  typical  single  stage  amplifier  (  typically  ~  6dB  gain  )  its  use 
here  is  justified. 


The  steady  state  response  when  lock  has  been  achieved  is  given  by 
Eqn.  4.1  with 


dj£e 

dt 


0 


thus 


A  restriction  on  the  detuning  Au>  is  apparent  since 


- 1  <  sin  ipe  <  + 1 


and  hence  a  locking  range  Au^  can  be  defined  such  that 


4.2 


4.3 
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It  may  be  noted  that  this  quantity  can  take  omy  +ve  values  and  rep¬ 
resents  half  the  frequency  range  over  which  lock  can  occur. 


The  synchronisation  range  Awg,  being  the  range  of  frequency  for 
which  the  oscillator  can  be  synchronised  to  the  locking  signal  is 
given  by 


Au0  =  2  Aw. 

S  L 


It  may  be  noted  immediately  that  this  is  inversely  related  to  ft  and 
locking  gain.  ’ 

Hie  variation  in  phase  error  with  detuning  is  obtained  from  Eqn.  4.2. 


Aw  .ft 


and.  the  form  of  this  relationship  is  shown  in  Fig.  4.2.  To  obtain 
low  values  of  steady  state  phase  error  in  the  presence  of  drift  of 
the  free  running  frequency  due  to  temperature,  aging  etc.,  it  is 
clear  that  high  values  of  locking  range  should  be  used. 


Transient  Perf  oraanc e 


The  transient  response  of  an  injection  locked  oscillator  is  obtain¬ 
ed  from  integration  of  Eqn.  4*1 •  This  has  previously  been  carried 
out  by  White  and  Jones  (31 )  and  their  result  is  simply  quoted  below, 
(  Solution  of  a  similar  equation  derived  from  the  phase  locked  loop 
is  given  in  more  detail  in  section  4-2*3 .  ) 
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White  and  Jones's  solution  is 


Mt) 


2  tan"1  |  A  + 


Aii 


AA[iexp(B  [t-tQ])  -  l] 


••• .4*7 


where  «  tan 

B  •Ji A(Dl)2  -  (Aw)2 

tg  m  a  constant  related  to  the  initial  conditions  at  the  start 
of  the  transient. 


To  find,  in  addition,  the  frequency  transient  of  the  oscillator  out¬ 
put  let  the  oscillator  output  voltage  v2  be  expressed  in  terms  of 
the  free  running  frequency  u)q 

▼2  »  Vg  sin  (u)Qt  +'P2(t)  )  . 4.8 

It  is  convenient  to  also  express  the  locking  signal  voltage  v^  in 
terms  of  the  oscillator  free  running  frequency  j 


v1  -  V1  sin  (  u)gt  +  *P«j(t)  )  . 4.9 

The  instantaneous  phase  error  between  the  input  and  output  is 
therefore 


Ye(t)  =  vt) -yt) 

Hence 


d<p 

e 

* “•  «s 

d'Pg 

dt 

dt 

dt 

4.10 


4.11 


Substituting  in  Eqn.  4*1 


d'Pg  cN> 

— •  +Aco  ■  — 1  +  A(Ut  sin4>  . 4.12 

dt  dt  L  « 

Let  the  instantaneous  oscillator  output  frequency  be  (Ug  thus 

<«> 

“2  ■  “<>♦-  . 4.13 

Similarly  let  the  instantaneous  input  frequency  be 

d^ 

w1  -  WQ  + —  .........4.14 

‘  dt 

Substituting  in  Eqn.  4.12  gives 

w2  -  Wi  +  Aw  -  sin  *Pe  . 4.15 

and  since 


Au)  -  o)1  -u)Q 


4.16 


we  obtain 


w?(t)  - 

- ±  m  sin  9  . 4.17 

Aw.  e 

li 

To  evaluate  Eqn.  4.6  and  4*17  a  value  of  tg  would  normally  be  chosen 
to  give  <P  equal  to  the  initial  value  for  any  particular  transient. 

Hie  form  of  these  expressions  can  best  be  illustrated  however,  by 
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taking  a  value  of  tg  giving  symmetrical  plots  against  time  as  shown 

in  Fig*  4*3 .  This  choice  of  tg  does  not  affect  the  shape  of  the 

curves  hut  only  the  relative  position  on  the  time  axis*  Fig.  4*3 

shows  the  phase  and  frequency  transients  for  the  case  /a^v  *  0*5* 

L 

The  transient  for  a  given  initial  value  of  phase  error  may  he  obtain¬ 
ed  by  entering  the  curve  at  this  value  of  tp  and  following  the 
transient  for  increasing  time*  It  may  he  seen  that  apart  from  initial 
values  of  phase  error  very  close  to  the  unstable  equilibrium  position, 

most  transients  are  essentially  over  in  a  time  t  »  10/  secs. 

L 

(  This  approximation  is  examined  in  more  detail  for  the  similar 

transient  of  the  first  order  phase-locked  loop  in  section  4*2*3  )• 

> 

A  more  exact  transient  analysis  of  injection  locking  including  volt¬ 
age  dependent  susceptance  is  given  by  Takayama^2)  hut  the  form  of 
response  is  not  significantly  different. 


Acauisition  Behaviour  of  Pulsed  Injection  Locked  Sources 


It  might  he  expected  that  the  behaviour  of  pulsed  sources  during 

acquisition  would  be  described  by  Eqn.  4*6  with  essentially  random 

initial  values  of  phase  error.  In  this  case,  the  acquisition  time, 

being  the  time  required  to  ensure  the  phase  error  is  within  a  few 

degrees  of  the  final  value  for  most  initial  conditions  would  be  given 

by  10/aw  .  This  is  indeed  found  to  be  correct  for  cases  in  which 
L 

the  locking  signal  is  also  julsed  and  applied  to  the  oscillator  slightly 
after  the  oscillator  is  switched  on.  However,  for  the  more  usual 

case  in  which  the  locking  signal  is  either  continuous  or  applied 
before  energisation  of  the  oscillator,  it  is  found  that  the  acquis¬ 
ition  time  is  much  less  than  this  value.  This  is  explained  by  consid¬ 
ering  the  build  up  of  oscillation  when  the  oscillator  is  switched  on. 


When  the  energising  bias  pulse  is  applied,  oscillation  within  the 
resonant  cavity  is  normally  initiated  by  noise,  leading  to  random 
pulse-to-pulse  initial  phase.  When  a  locking  signal  is  present, 
however,  this  will  itself  initiate  oscillation  and  furthermore,  during 
the  initial  part  of  the  exponential  build  up  of  oscillation  the  lock¬ 
ing  gain  P_/p  will  be  very  low,  leading  to  large  locking  range  and 
e  1 

thus  rapid  synchronisation.  The  acquisition  time  for  this  case  has 
not  been  measured  but  is  estimated  to  be  less  than  one  tenth  of  that 
for  random  initial  conditions. 

Practical  pulse  microwave  sources  exhibit  a  change  of  free  running 

> 

frequency  during  the  pulse  (  chirp  )  due  to  heating  effects.  It 
would  not  be  expected  that  this  would  have  any  significant  effect 
upon  the  acquisition  transient  since  the  change  in  frequency  is  typ¬ 
ically  small  during  the  period  of  acquisition.  Hie  effect  on  the 
phase  error  after  acquisition  may  be  obtained  by  considering  the 
equivalent  frequency  variation  applied  to  the  input  signal.  For  small 
phase  error  (  which  would  in  practice  be  required  from  a  locked  active 
array  source  ) 

\ 

sin  V  ^  9 
e  e 

and  Eqn.  4*1  simplifies  to 
d<P 

— 5  =  Aw  -  Aw  .  <P  . 4.18 

dt  L  e 

Interpreting  the  detuning  Aw  as  a  frequency  shift  from  Wq  on  the 
locking  signal  we  have 


dt 
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d'P 

— 6  -  —  -  A(i)t  .'P 
dt  dt  L  e 


Transforming  into  the  frequency  domain,  using  operational  notation 


s$e(s)  «  sj^Cs)  -  Au)Life(s) 


where  $  (s)  and  £.  (s)  are  the  Laplace  transforms  of  <P  (t)  and 

6  I  © 

'P.(t)  respectively. 


Hence 


$e(a) 


$.|(s)  s  +  Awl 


Bepresenting  linear  pulsed  oscillator  chirp  by  a  linear  variation 
of  the  input  frequency  of  P  rad/s2we  can  write 


^(a) 


assuming  zero  phase  error  initially. 


*,« 


s^(s  vAu)^) 


giving 


Pt  P 

“  —  ~  77  2  (1  -  exp(-Au>  t)) 


(ia>? 


“L  ' — L' 


After  the  initial  transient  the  response  to  a  linear  frequency  change 
therefore  contains  a  constant  tracking  error  P//^w  ^2  and  a  .tens 
linearly  increasing  with  time  corresponding  to  the  detuning  existing 
at  time  t.  With  increasing  time  this  term  can  cause  operation  out¬ 
side  the  linear  region,  for  which  a  phase  error  of  the  form  sin  (Pt/Aui  ) 

L 

would  he  expected,  and  eventually  cause  loss  of  lock.  Taking  for 
illustration  typical  values  used  experimentally. 


AuJ^  -  1.98  x  10B  rad/s  for  a  10GHz  oscillator 


3.14  x  1013  rad/s2  (5HHzAts) 


The  constant  tens  is  seen  to  he  small  t 


-  _  -  0.8  x  10  *  rad 


The  linearly  increasing  term  produces  a  phase  error 


0.1 6  rad/fis 


It  may  he  seen  that  this  is  the  more  serious  source  of  error  for  the 
rates  of  change  of  frequency  typically  encountered. 


Response  to  Pulse  Compression  Modulations 


Since  many  solid  state  sources  are  limited  in  peak  power,  it  is  corn- 
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mon  to  use  relatively  long  transmitted  pulses  to  increase  the  average 
radiated  power,  in  combination  with  modulated  transmissions  and 
pulse  c empress ion  to  maintain  adequate  range  resolution.  Pulse  com¬ 
pression  modulations  applied  to  the  transmitted  signal  usually  take 
the  fota  of  coded  phase-shift  keying  (  PSK  )  or  linear  frequency 
modulation  ( ' ^  I  transmitted  bandwidths  between  1  and  10MHz  are 
typical. 


1  s 

4  =* 


The  response  of  injection  locked  oscillators  to  phase  shift  keyed 

locking  signals  has  been  examined  by  Mackey concluded, 

that  when  the  period  of  the  modulation  is  long  compared  with  the 

> 

locked  oscillator  response  time,  the  output  would  essentially  follow 
the  input  modulation}  when  the  period  of  modulation  is  of  the  order 
of  the  locked  oscillator  response  time  the  oscillator  would  be  unable 
to  reproduce  the  modulation.  This  result  is  fairly  obvious  in  consid¬ 
eration  of  the  previous  transient  analysis  since  the  locked  oscillator 
will  require  a  finite  time  to  re-establish  lock  after  each  input  phase 
discontinuity.  An  approximate  maximum  PSK  period  of  10/ Aw^  is  there¬ 
fore  predicted  although  in  practice  lower  rates  would  have  to  be  used 
in  order  to  avoid  distortion  of  the  modulation  spectrum. 


1- 


The  response  to  linear  variation  of  the  locking  signal  was  establish¬ 
ed  in  Eqn.  4.24.  Since  the  rate  of  frequency  change  P  will  usually 

A 

be  ranail  (  e.g.  2MHz/  p,s  )  in  comparison  with  (Aw^)  »  the  constant 
tracking  phase  error  may  be  ignored.  A  limitation  on  transmitted 
bandwidth  will  be  imposed  by  the  maximum  acceptable  variation  in  phase 
error  during  the  pulse,  .  Within  the  linear  range  this  will  be 
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el 


PT 


Aw, 


rad 
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where  X  is  the  pulse  length*  If  a  maximum  phase  error  variation 
of  10°  is  specified  the  maximum  angular  frequency  change  Px  -for  the 

Q 

example  previously  considered  with  Au)^  -  1*98  x  10  rad/s  is 
3.45  x  I0^rad/s. 


Noise  Response 

Solid  state  microwave  oscillators  such  as  Impatt  and  Gunn  sources 

are  generally  noisy,  and  the  usual  situation  encountered  is  that  of 

a  •  quiet  1  locking  signal  synchronising  a  •  noisy  '  source,  lhe 

> 

effect  of  injection  locking  on  the  oscillator  noise  output  has  been 

considered  by  several  authors (34»35)#  jt  is  found  that  iU 

noise  accompanying  the  desired  oscillator  output  is  unaffected  by 

locking,  but  HI  noise  (  which  is  usually  greater  )  is  significantly 

suppressed  close  to  the  carrier.  She  EM  noise  suppression  is  deacrib- 

(36) 

ed  by  the  equation'  7 


Af 


xms 


...4.26 


where  Af 

xms 


is  the  noise  deviation  of  the  injection  locked 
oscillator 

is  the  noise  deviation  of  the  unlocked  (  free-running  ) 
oscillator 

is  the  noise  deviation  of  a  low  noise  locking  signal 
is  the  modulation  frequency. 
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Basically  this  states  that  close  to  the  carrier  the  FM  noise  deviation 
of  the  locked  oscillator  is  that  of  the  reference  signal,  whilst  fur¬ 
ther  from  the  carrier  it  reverts  to  that  of  the  free  running  oscill¬ 
ator.  The  FM  noise  deviation  has  increased  to  -Iz  times  Af  at  a 

r 

modulation  frequency  f '  given  by 

ZD 

f '  Af  Aw. 

m  ^  — r  i  — -  — 


Af0  2tt 


and  thus  to  provide  suppression  of  the  PH  noise  over  a  wide  hand- 
width  a  large  value  of  should  again  be  used. 


Summary 


Hie  phase  error  introduced  by  injection  locking  due  to  detuning  caused 
by  temperature  induced  frequency  drift,  aging,  chirp  or  linear  FM  is 
given  by  Eqn.  4.6  « 


and  to  minimise  possible  phase  error  a  large  value  of  locking  range 
is  therefore  desirable.  This  is  also  required  to  minimise  the  loop 
transient  response  time,  approximated  to  10/ Au)^  ,  although  it  was 
noted  that  the  acquisition  time  for  pulsed  sources  in  which  the  lock¬ 
ing  signal  is  initially  present  is  much  les3  than  this. 


The  locking  range  is  given  by 


_>  II 


Q  V  P. 
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and  for  a  given  free  running  frequency  can  be  increased  only  by  re¬ 
ducing  either  the  Q  or  the  locking  gain.  A  reduction  in  Q  will  not, 
however,  necessarily  improve  phase  error  due  to  temperature  drift, 
chirp  etc.  since  the  detuning  produced  by  these  effects  is  inversely 
related  to  Q.  This  then  leaves  the  locking  gain  as  the  principal 
source  of  control  over  the  locking  range  and  thus  in  general  high 
values  of  locking  gain  cannot  be  used  for  straightforward  injection 
locking.  Typical  gains  are  limited  to  ~  lOdB. 


Recognising  this  limitation,  two  techniques  have  been  put  forward, 

which,  with  the  penalty  of  seme  added  complexity,  allow  higher  gain 

> 

to  be  achieved  whilst  maintaining  low  phase  error.  Both  involve  the 

addition  of  voltage  controlled  tuning  to  the. locked  oscillator  with 

✓ 

wbich  the  detuning  between  the  input  frequency  and  the  oscillator 
free  running  frequency  is  minimised. 


TJlbricht  and  Marx  have  suggested  an  essentially  open  loop  tech¬ 
nique  for  reducing  detuning,  using  no  additional  microwave  components, 
as  shown  in  Fig.  4.4*  At  regular  intervals  the  logic  control  circuit¬ 
ry  varies  the  free  running  frequency  of  f.e  injection  locked  voltage 
controlled  oscillator  (  VCO  )  until  the  extremities  of  the  locking 
range  are  found.  These  are  sensed  by  the  presence  on  the  oscillator 
bias  supply  line  of  the  downconverted  beat  frequency  when  the  oscill¬ 
ator  is  unlocked.  The  varactor  voltage  is  subsequently  reset  to  the 
mid  value  between  the  unlock  positions,  therefore  ensuring  small  long 
term  detuning.  The  technique  suffers  mainly  from  the  fact  that  it  is 
essentially  restricted  to  Cff  operation. 


A  closed  loop  technique  has  been  suggested  by  Mackey  (33)  as  shown 
in  Fig.  4.5.  A  comparison  is  here  made  of  the  input  and  output  phase 
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of  the  locked  osoill&tor.  In  the  event  of  a  phase  error  being  pres¬ 
ent,  a  feedback  signal  is  generated  which  changes  the  free  running 
frequency  such  that  the  detuning  and  phase  error  axe  reduced  to  low 
level.  l!hen  a  wideband  feedback  path  is  employed  this  system  can 
reduce  phase  error  due  to  pulsed  oscillator  chirp  in  addition  to 
that  due  to  ambient  temperature  frequency  drift* 


The  Phase-Locked  Loot 


!Hie  phase-locked  loop  represents  the  alternative  to  injection  locking 

> 

for  oscillator  synchronisation,  assuming  an  electronically  tunable 
source.  Since  many  aspects  govern  the  choice  of  the  optimum  loop 
design  the  description  given  in  this  section  has  been  broken  down 
under  separate  headings  to  consider  some  of  these  independently. 

Initially  the  established  general  description  of  the  phase-locked 

✓ 

loop  is  given  j  subsequently  the  relevant  behaviour  of  both  first 
and  second  order  loops  is  examined.  In  section  4*2.6  the  constraints 
imposed  by  loop  instability  are  examined  and  the  restriction  on 
first  and  second  order  loop  behaviour  is  summarized  in  4*2.8.  In 
4*2.9  the  heterodyne  fona  of  phase-locked  loop,  much  used  in  Chapter 
7,  is  described*  Experimental  results  with  phase-locked  loops  con¬ 
taining  pulsed  sources  are  presented  in  4*2.11  and  conclusions 
regarding  the  relative  merits  of  injection  looking,  the  first  and 
second  order  phase-looked  loops  are  drawn  in  section  4.3* 


Only  sinusoidal  phase-sensitive  detectors,  represented  in  practice 
by  passive  mixers,  have  been  considered  in  the  analysis. 


- . 


A  representation  of  a  microwave  phase-locked  loop  (  PLL  )  ie  shown 
in  Fig.  4,6.  A  sample  of  the  voltage  controlled  oscillator  (  VCO  ) 
output  is  compared  with  a  reference  locking  signal  in  a  phase  sensit¬ 
ive  detector  (  PSD  )  }  the  resulting  error  signal  is  fed  back  via 
an  amplifier  and  filter  to  the  control  terminal  of  the  VCO  to  complete 
the  loop.  The  phase  sensitive  detector,  which  produces  a  voltage 
which  is  a  function  of  the  difference  in  phase  between  the  inputs  is 
simply  realised  in  practice  using  the  difference  frequency  output  of 
a  balanced  mixer.  Practical  mixers  also  produce  a  sum  frequency  term 
however  and  a  low  pass  filter  will,  in  general,  be  required  at  the 

mixe:;  output  to  suppress  this  component.  However,  since  the  sum  freq- 

> 

uency  is  usually  very  much  higher  than  the  difference  frequency,  it 
is  normally  assumed  that  any  filtering  required  to  remove  this  com¬ 
ponent  may  be  neglected  in  the  analysis. 

Ideal  synchro:  ism  with  no  phase  error  is  achieved  when  the  steady 
state  error  voltage  is  zero,  which  for  the  case  of  a  mixer  PSD 
requires  a  static  phase  difference  between  the  inputs  of  90°.  This 
factor  may  conveniently  be  included  in  the  analysis  by  defining  the 
input  waveform  to  the  PSD  in  terms  of  sine  and  cosine  waves,  as  shown 
in  Pig.  4*6. 

The  following  definitions  are  used  t 

is  the  PSD  gain  (  volts/radian  )  in  the  linear  (  small 
phase  error  )  region  for  input  signals 

^(t)  «=  Y1  sin  (  u)0t  +  ^(t)) 

and  v2(t)  «  irr2  cos  ( co0t  +  P2 ( t } ) 

^  is  the  VCO  tuning  sensitivity  (  rade/v.s  )  which  is 
assumed  to  be  linear. 
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GOq  is  the  free  running  frequency  of  the  VCO. 


A  ia  the  voltage  gain  of  an  ideal  amplifier. 


?(s)  la  the  tranafer  function  of  the  filter  (  thi3  may 


Include  the  frequency  response  of  a  practical  amplifier  ), 


u^(t)  ia  the  PSD  output  voltage  (  volta  ). 

Ug(t)  is  the  volt.'ge  applied  to  the  VCO  control  terminal 

(  volt 8  ). 


With  reference  to  Pig.  4*6*  the' VCO  output  voltage  applied  to  the 


PSD  may  be  expressed 


▼2(t)  -  v  cos(<»)0t  +  <P2(t)) 


where  U)q  is  the  free  running  frequency  of  the  oscillator,  and 


'Pg(t)  represents  the  V  JO  output  phase  variation  with  time. 


Assuming  a  Linear  VCO  tuning  characteristic  of  sensitivity  rad/v.s, 


the  deviation  of  the  VCO  frequency  from  the  free  running  value  is 


d’Pg(t) 


*2  u2  (t) 


where  u9(t)  is  the  voltage  applied  to  the  frequency  control  terminal. 


It  is  convenient  to  also  express  the  input  locking  signal  voltage 


in  terms  of  the  VCO  free  running  frequency,  thus 


V|(t)  -  71  sin  (U)Qt  +  «,(t)) 


where  *P^(t)  represents  the  possible  input  phase  variation  with  time. 


The  cut  pit-  of  the  sinusoidal  phase  sensitive  detector  is  then 

^(t)  -  f^sin  (^(t)  -  ^(t))  . -...4.31 

where  E^  is  the  PSD  gain  in  v/rad  for  the  given  input  voltages  VQ 

and  7^ .  The  sign  of  E^  for  any  particular  mixer  PSD  with  a  given 
phase  relationship  between  the  inputs  is  dependent  on  the  sense  of 
diode  connection.  The  characteristics  of  mixer  PSDs  are  considered 
in  section  4*2.11  but  it  may  be  noted  here  that  when  operated  in  the 
saturated  region,  E^  is  essentially  independent  of  the  input  signal 
voltages. 

> 

After  the  ideal  amplifier  and  the  filter  (  in  which  can  be  included 
the  frequency  response  of  practical  amplifiers  )  we  have 


u^t)  -  A  u^t)  *  f(t) 


where  f(t)  is  the  impulse  response  of  the  filter  and  *  denotes  con¬ 
volution.  Substituting  for  u^ (t)  from  4*31  we  obtain 


u^t)  «  AK^sinftUt)  -<P2(t))  *  f(tj| 


4.32 


and  from  Eqn.  4*29 

^2(t)  r  .  .  . 

-  A^KJsin^t)  -vp2(t))  *  f(t)| 

which  is  the  generalised  time  domain  equation  of  the  loop. 


4*33 


Replacing  AE^  by  E  ,  and  the  phase  error  92)  by  <Pe  , 
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Eqn,  4*33  becomes 


d«P2(t) 

dt 


X  sin(ipe(t))  *  f(t) 


4.34 


It  may  be  noted  that  X  has  the  dimensions  of  frequency.  The  magnit¬ 
ude  of  X  represents  the  1X7  gain  around  the  loop  when  a  passive  filter 
'with  unity  DC  gain  is  used. 


Analysis  of  PILL  behaviour  is  considerably  simplified  when  the  phase 
error  is  such  that 


sin  4>e  2=  <Pe 


in  which  case  Eqn.  4.34  becomes 


*P2(t) 

dt 


X(4>e(t)  *  f(t)) 


4.35 


which  is  the  linearised  equation  of  the  PLL. 

Transformation  of  Eqn.  4.35  into  the  frequency  domain,  using  operation¬ 
al  notation  gives 


s$2(s)  -  X($e(s).F(s))  . ....4.36 

where  $2(s)  $e(a)  are  the  transforms  of  *Pg(t)  and  (t) 

respectively  and  F(s)  is  the  filter  transfer  function. 

Bqn.  4*36  may  be  rewritten  t 


s$2(s)  “  X($1(s)  -$2(s)).F(s) 


4.37 
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from  which  the  loop  transfer  function  H(a)  may  be  obtained 


$2(s)  KF(s) 

H(s)  -  —  -  - 

$  (s)  s  +  KF(s) 


Similarly  the  error  function  1  -  H(s)  is  given  by 


4.3« 


$  (s)  s 

1  -  H(s)  -  =•  .  . 4.3S 

$,j(s)  s  +  KF(s) 

It  should  be  noted  that  Eqns.  4.38  and  4*39  are  valid  only  for  the 

limited  range  of  *P  for  which  the  linearising  approximation 

sin  <P  ^  may  be  made.  Also  due  to  the  definition  of  the  PSD 
6  6  > 

inputs  in  terms  of  sine  and  cosine,  a  zero  value  of  'P  in  fact  rep- 

6 

resents  a  phase  difference  of  ~  rads  between  the  VCO  output  and  the 
locking  signal. 


4.2.2  Phase-Locked  Loop  Classification 

Following  the  usual  convention  for  servo  control  loops  and  depending 

upon  the  form  of  the  filter  transfer  function  P(s),  phase  locked 

loops  are  classified  according  to  their  1  order  1  and  1  type  * 

since  these  terms  conveniently  indicate  the  form  of  the  transient 

(38) 

and  steady  state  response  of  the  loop  respectively'  '  . 


The  order  of  a  loop  is  given  by  the  highest  power  of  s  in  the  denom¬ 
inator  of  the  loop  transfer  function  H(s)  given  in  Eqn.  4.38.  A 
first  order  loop,  for  example,  will  be  obtained  if  F(s)  *  1,  and  from 
a  knowledge  of  servo  control  loops  of  this  order  a  transient  response 
consisting  of  simple  exponential  terms  may  be  expected.  A  second 
order  loop  will  be  obtained  from  filter  types 
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1  +  St, 


1  +  St^  1  +  9X1 


1  +  St, 


for  which  a  transient  described  additionally  in  terms  of  a  natural 
resonant  frequency  and  damping  factor  may  be  expected. 


The  type  of  a  loop  is  given  by  the  number  of  poles  in  the  open  loop 
transfer  function  G(s)  where 

iW(.) 


and  indicates  for  which  input  conditions  a  zero  steady  state  phase 
error  would  be  expected.  A  type  one  loop  gives  a  zero  steady  state 
phase  error  for  a  phase  step  input  *  a  type  two  loop  gives  addition¬ 
ally  a  zero  steady  state  error  for  a  frequency  step  input  ;  a  type 
threw  loop  gives  additionally  a  zero  steady  state  error  for  a  frequency 
ramp  input.  It  may  be  noted  that  all  PLLs  are  of  at  least  type  one 
since  the  VCO  itself  acts  as  an  integrator,  relating  the  output  phase 
to  the  integral  of  the  control  voltage. 


4.2.3  The  First  Order  Loot 


Although  the  first  order  loop  will  subsequently  be  shown  to  be  less 
attractive  than  the  second  order  for  the  synchronisation  of  practical 
sources  a  detailed  description  of  its  behaviour  is  given  here  since 
it  is  indicative  of  second  order  loop  behaviour  for  which  analysis 
is  less  straight-forward.  Furthermore  a  direct  comparison  can  be 
made  between  the  behaviour  of  a  first  order  loop  and  that  of  inject¬ 
ion  locking,  since  the  two  cases  are  described  by  similar  equations. 


1  first  order  loop  (  which  is  necessarily  of  type  one  )  is  fo.-med 
when  there  is  no  filter  in  the  loop,  i.e.  when  P(s)  -  1,  and  the 
PSD  output  after  amplification  is  applied  directly  to  the  voltage 
control  terminal  of  the  7C0. 

For  this  case 

Ug  -  ■  AK  sin  <P#  . . .4.40 

and  Eqn.  4*34  becomes 

d'ftj 

—  -  K  sin'P  (t)  . 4.41 

dt  e 

Since  ’P-  »  <P  -  <P  Eqn.  4*41  may  be  written 

fc  I  0  .  , 

> 

d'P  d%  (t) 

-  — 1 -  -  K  sin'P  (t)  . 4.42 

dt  dt  e 

A  C.W.  locking  signal  of  frequency  U)1  •  WQ  +  Aw  is  obtained  when 

(p^t)  -  Aw.t  +  ©i  . 4.43 

where  9^  is  the  locking  signal  phase. 

Differentiating  Eqn.  4*43  gives 

d'P,  (t) 

-  »  Aw  . 4.44 

dt 

and  substituting  this  in  Eqn.  4*42  we  obtain 
d'P(t) 

-  =  Aw  -  K  sin'P  (t)  . ..4.4!? 

dt  e 

In  the  steady  state,  assuming  the  VCO  is  looked  to  the  synchronising 
d<P 

signal,  —  -  0  and  Eqn.  4*45  becomes 
dt 
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•mm 

B 


Aw  -  K  sin'P 


.4.46 


A  locking  range  Aw^  may  be  defined  as  the  magnitude  of  the  maximum 
detuning  of  the  VCO  for  which  the  loop  will  remain  locked,  and  is 
obtained  by  noting  that 


sin'P 


^  1 


Thus 


Awl  -  K 


^1*2 


A  synchronization  range  A<  ''eing  the  range  of  frequency  over  which 
the  VCO  can  be  synchronized  to  the  locking  signal,  ie  also  defined 
such  that 


Aws  -  2Awl  -  2K 


4.47 


It  may  be  noted  that  Eqn.  4»45  is  of  similar  form  to  Eqn.  4«1  for 
injection  locking,  !Hie  behaviour  of  a  first  order  loop  and  an  inject¬ 
ion  locked  oscillator  are  in  fact  very  similar,  but  an  important 
advantage  of  the  FLL  is  that  the  locking  range  is  not  directly  rel¬ 
ated  to  the  input  or  output  power  (  assuming  a  PSD  operating  tinder 
saturated  conditions  )  and  may  be  independently  controlled  via  the 
amplifier  gain  A  ;  by  implication  the  locking  range  and  locking  gain 
(  output  power/locking  power  )  of  the  PLL  may  be  independently  spec¬ 
ified. 


Prom  Eqn,  4,46  the  steady  state  phase  error  introduced  by  the  loop 


Tt 


(  neglecting  the  —  radian  due  to  the  use  of  a  mixer  PS)  )  is  given 
2 
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by 


4.48' 


the  fonn  of  which  is  the  same  as  that  of  Fig.  4*2  for  injection 
locking. 


'Transient  Behaviour 


Die  transient  response  of  a  first  order  loop,  indicating  the  behav¬ 
iour  during  capture  of  the  VCO  by  the  locking  signal  or  after  a 

sudden  phase  shift  applied  to  the  locking  signal,  can  be  obtained 

> 

from  Eqn.  4.45 
d<P 

— -  -  Aw  -  K  sin<P  (t) 
dt  e 


Thus 


dt  - 


-  d<p 

Aw  -  K  sin'P 


.4.49 


which  yields  upon  integration 


t-t, 


‘J  (Aw)2-  K2 


tan 


-1 


Aw.tan(<Pe/2)  -  K 


t/(Aw)2  -  K2' 


.4.50 


when  (  Aw)2> K2  where  tQ  is  an  integration  constant. 

This  case,  representing  an  injected  signal  outside  the  locking  range 
gives 

<P  (t)  -  2tan~ 

3 
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As  t  varies,  *Pe(t)  will  vary  periodically  with  period 


2ft 


IP  - 


'  -v/(AU))2-  K2 


. 4.52 


and  thus  there  will  be  no  steady  state  solution*  Eqn.  4.36  then 
describes  the  beat  phenomenon  associated  with  first  order  loops  (  or 
injection  locked  oscillators  )  when  driven  by  a  signal  outside  the 
locking  range. 

Integration  of  Eqn.  4*49  also  gives 


t-t„  - 


Vk2^  AU))2 


tanh 


-1 


Au).tan(%)  -  K 


Vk2-  (Aw)2 


.4.53 


when  K2>(Aw)2  and  lAdJtanl'l6)  -  k\<J E2-  (Aw)2 


and 


-2 


t-tn  *  - 

Vk2^  Aw)2' 


ctnh 


-1 


Aw.tanlo  }  -  K 


t/k2  -  (Aw)2  J 


.4.54 


when  K2>(  Ad))2  and  |Awtan(-re)  -  k|  >  •J'!?-  (Au))2 


Wie  conditions  |Ao)tan(-^e)  -  x|  <  ^K2 -(  A W )2  and  |Awtan(~e#-x|  >^£2-(Ato)2 
correspond  to  initial  values  of  phase  error  above  and  below  the  steady 

state  value  and  give  rise  to  transients  with  phase  error  either  in¬ 
creasing  or  decreasing  with  time.  The  different  phase  paths  are 
demonstrated  subsequently  in  Fig.  4*8. 


Taking  first  the  case  for  |Awtan(^e]  -  k|  >1/x2  -  (Aw  (2 
Eqr:.  4*54  gives 
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ctnh 


(t-t0)^I  (Au )f 


Aw 


K 


■/iC2  -  (Aw)2 


4.55 


Making  use  of  the  relation 


ctnhx 


exp(2x)  +  1 
exp(2x)-  1 


yields 


*P  (t)=  2 tan”1 

© 


K  [exp^t-t^K2^  A0))2)-j]  -j^-(AU)  )2'[exp((t-tn)/A(  Ah )f)  +l] 
Au)  [exp((t-t  )  ^/k2-  (Aw)2  )-  ij 


•4.56 


Although  the  integration  constant  tQ  would  normally  be  chosen  to  give 
<Pe  equal  to  the  initial  value  at  the  start  of  the  transient  for  ary 
particular  case,  the  form  of  the  first  order  loop  transient  is  most 
conveniently  illustrated  by  taking  t_  such  as  to  give  <P  »  TC/  rads 
*t  t  ■  0  ,  since  then  the  expression  given  by  Eqn.  4,56  is  skew- 
symmetric  about  t  «  0.  Similarly  for  the  case 


|  Aw,  tan  (ji  k|<tPI(A w)2' 

*Pe  will  equal  -  ^  rads  with  this  value  of  tp 
Thus  taking 


exp(-tQi/l?-  (Aw)2) 
say 


K  -A W+  Vk^-(Au))2' 

- — -  — -  «  c 

K  -Aw-  -/^-(Aw)2 
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from  which  is  obtained,  similarly 
iP  (t)  -  2 tan"1 

Hie  frequency  transient  of  the  VCC  may  be  simply  obtained  from  the 
above  expressions,  since  tog,  the  VCO  output  frequency  is  given  by 

tog(t)  -  toQ  +  KgUgCO  . 

therefore  to„(t)  =  wn  +  AK.K.sin'P  (t)  . 


The  variation  of  <P  (t)  and  — - -  with  time  (  normalised  to  units 

6  K 

of  l/g  secs  )  is  shown  in  Fig.  4*7  for  two  values  of  detuning, 

.  0.5  and  -0.7.  Note  that  the  time  scale  is  normalised  to  give 
a  symmetric  plot  around  t  *  0  as  previously  described.  The  transient 
la  of  the  same  form  as  that  given  for  injection  locking  in  Fig.  4.5 
as  may  be  expected  since  similar  differential  equations  describe  the 
injection  locking  and  the  first  order  loop. 

At*  before,  the  transient  response,  which  could  be  due  either  to  a 
sudden  phase  shift  applied  to  the  locking  signal,  or  to  the  sudden 
energization  of  a  pulsed  VCO,  is  determined  by  taking  the  point  on 
the  phase  transient  corresponding  to  tlie  initial  value  of  phase  error 
and  hence  following  the  transient  for  increasing  time.  Similarly 
the  frequency  transient  is  entered  at  the  point  on  the  time  scale 
corresponding  to  the  initial  value  of  phase  error. 

The  asymptotic  values  of  phase  and  frequency  appearing  at  large  neg¬ 
ative  values  of  t  correspond  to  an  initial  phase  close  to  the  unstable 
equilibrium  position  and  it  may  be  seen  that  the  time  required  for 
the  loop  to  reach  the  stable  locking  condition  may  be  relatively 
long  for  this  case.  The  stable  and  unstable  equilibrium  positions 
related  to  the  PSD  output  are  shown  in  Fig.  4*8,  from  which  the  sig¬ 
nificance  of  the  two  solutions  of  Eqns.  4.59  and  4«6l ,  corresponding 
to  movement  in  different  directions  from  the  unstable  equilibrium 
position,  may  be  seen.  The  stable  locking  position  will  be  located 
on  the  PSD  slope  yielding  negative  feedback  around  the  loop. 


The  steady  state  phase  error,  obtained  from  either  Eqn.  4*59  or 
4.61,  when'  t-*-°°is  given  by 
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<Pe(oo)  .  2tan 


-1 


K  - 


Au> 


therefore  tan 


<P  (oo)  K  -  t/h^-CAw)2 


Aw 


for  which,  using  tan(§)  - 


1  -  cos  r 


sin  x 


8in*P  (“>)  *»  — 
e  Z 


and  9  -  sin 
e 


•1  /AuA 
\  z  / 


as  previously  established  in  Eqn.  4.48. 
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Considering  first  the  effect  of  the  transient  behaviour  on  the  response 
of  ideal  poised  7C0s,  the  phase  transient  for  a  representative  case 

of  A%  ■  °-5  ia  shmt  “  detail  *  FS«-  4-?-  111  Dl,‘a 
chat  the  initial  phase  state  of  a  pulsed  VCO  will  be  random,  all  phases 

being  equally  likely,  it  is  of  interest  to  examine  the  statistical 
distribution  of  the  time  required  for  the  ELL  to  achieve  lock.  1+ 
may  be  seen  from  Pig.  4*9  that  the  phase  error  has  been  reduced  to 
less  than  -  3°  of  the  final  value  by  a  time  +  ^  secs,  and  taking 
this  value  as  the  point  at  which  the  capture  transient  may  be  consid¬ 
ered  to  be  complete  (  since  phase  errors  of  -  3°  will  produce  a  rad¬ 
iation  pattern  with  a  reasonably  low  sidelobe  level  )  the  statistic¬ 
al  distribution  of  capture  times  for  random  initial  phases  may  be 
obtained.  Pig.  4.10(a)  shows  the  percentage  of  initial  starting 
phases  which  result  in  capture  times  within  each  time  interval  i.e. 


0  <  Zt  <  1  ,  1  <  Zt  <  2  etc. 

on  the  horizontal  axis.  Zt  may  be  seen  that  approximately  half 
(  54®?  )  of  capture  times  will  be  of  duration  3<Zt  <  5. 
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Degrees 


The  cumulative  percentage  of  initial  starting  phases  having  achieved 
lock  after  time  t  is  shown  in  Pig.  4» 1 °(t>) •  Ninety  percent  qf  trans¬ 
ients  nay  be  seen  to  be  over  after  t  -  ^  sees  (  3?  1  /locking  range 
in  HZ  )  and  99.7#  over  after  t  -  ~  secs.,  the  remaining  0.3#  being 

due  to  ir.; ’ial  phases  very  close  to  the  unstable  equilibrium  value, 
flhua  for  illustration,  assuming  ■  0.5  in  all  cases  and  rando* 
initial  starting  phases,  3  of  an  array  of  ■♦000  pulsed  VCOa  so  locked 
would  have  >3°  after  t  «  secs. 

The  figures  given  in  Pig.  4«l0(a)  and  (b)  are  for  the  case  -  °»5 

but  in  light  of  the  time  constant  of  exponential  terms  in  Eqns.  4*59 

> 

aiiri  4.6lt  it  would  be  expected  that  capture  tine  will  be  related  to 
de tuning  Ato.  Th-i  variation  with  normalised  detuning  of  time  required 
for  95#  of  possible  initial  phases  to  achieve  |<Pe|  <  3°  is  given  in 
Pig.  4*11  from  which  it  may  be  seen  that  for  up  to  0.9,  most 
initial  phase  conditions  will  have  achieved  the  steady  state  value 
in 

t  •  ^  secs  ....... .4*67 

Transient  Besponae  Including  Linear  Frequency  Chirp 
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I 


5 

1 

t 
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1 

i 


$ 
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The  locking  transient  of  practical  pulsed  sources  may  be  complicated 
by  a  temperature  induced  change  in  free  running  frequency  (  chirp  ) 
during  the  pulse.  If  a  linear  frequency  change  is  assumed  (  as  may 
be  seen  to  be  approximately  the  case  for  the  pulsed  varactor  tuned 

2 

Gunn  oscillators  used  in  subsequent  experiments  )  of  slope  P  rad/s  * 
the  VC0  output  phase  <Pg(t)  becomes 

+  p,t^ dt  . 4,68 
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1 


Achieve 


Eqn.  4.45  then  hecomes 


aM>(t) 


Au)  -  Pt  -  K  ain9  (t) 
e 


which  is  not  of  easily  integrable  fora. 


It  would  be  expected  that  the  effect  on  the  loop  transient  would  be 
small  however  if  the  change  in  free  running  angular  frequency  during 
the  transient  is  small  in  relation  to  the  locking  range.  Fig.  4*12 
shows  a  chirp  slope  of  5MHz/p.s  (  a  typical  value  obtained  experiment¬ 
ally  from  a  1 50m’, 7  pulsed  Gunn  oscillatdr  at  10.5GHz  )  plotted  against 
an  ideal  frequency  transient  for  a  typical  loop  with 


K  -  Au^  -  2TC.107  rad/s 


Little  charge  in  the  form  of  the  frequency  transient  would  be  expect¬ 
ed  in  this  case  although  one  minor  effect  will  be  to  reduce  the  small 
number  of  relatively  long  transients,  since  the  change  in  free  running 
frequency  will  ensure  disturbance  of  initial  locking  conditions  close 
to  the  unstable  equilibrium  position. 


The  form  of  the  subsequent  response  of  the  loop  to  the  frequency 
chirp  may  be  illustrated  by  linear  theory,  for  cases  in  which  the 
linearising  approximation  sin9  can  be  made.  A  frequency  ramp 
applied  to  the  VCO  free  running  frequency  may  be  seen  to  be  equival¬ 
ent  to  a  frequency  ramp  applied  to  the  input  locking  signal.  If  the 

p 

equivalent  slope  of  the  input  frequency  is  P  rad/s  from  t  «  0  and 

assuming  zero  initial  detuning  the  locking  signal  phase  ^(t)  may 

be  expressed  as$Q(s)  =  — ,  in  operational  notation. 

s-5 
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J)e  tuning  (MH») 


iV.V<'«H‘j ££**^a£?c£  '-  *W  jjt^^^n^iH  tV*-^5A^*5_‘ i 


From  Eqn.  4*39 


V8> 


a  ♦  K 


*a(®> 


s2(  3  +  K  ) 


from  which 


Pt  P  ,  \ 

♦.w  •  —  -  -  ^-Kt)) 


Ignoring  the  transient  component,  which  may  for  this  case  he  assumed 


to  be  included  in  the  loop  capture  transient,  the  steady  state  phase 


error  may  he  seen  to  consist  of  a  constant  tracking  error  -  P/K2  and 


a  term  increasing  linearly  with  time  Pt/K  corresponding  to  the  1  steady 


state  ’  error  for  the  detuning  existing  at  time  t.  Using  the  values 


given  previously  for  Fig.  4*12  the  tracking  error  may  he  seen  to  he 


relatively  small  in  practice  t 


-  —g  ■  -  7*96  x  lO”Jrad 


P  -  3.14  x  I013rad/s2  (5KHzAls) 


and  K  «  2TLl0^rad/s 


As  t  increases,  the  linearly  varying  component  of  the  phase  error 


may  drive  the  loop  into  the  nonlinear  region,  for  which  a  phase  error 

.,/Ptx 

of  the  form  sin  l  —  J  may  he  expected,  and  eventually  if  a  phase 
.  _  K 


error  of  -  90°  is  reached  the  loop  will  fall  out  of  lock.  From  the 


example  an  error  of  30°  would  he  expected  after  l^ts,  which  would. 
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in  practice,  be  unacceptably  high.  Ideally  a  value  of  loop  gain  K 
much  greater  than  P.t  would  clearly  be  chosen  to  reduce  the  error, 
but  it  ia  subsequently  shown  that  practical  values  of  K  for  the 
first  order  loop  are  restricted  due  to  loop  instability. 


A  more  exact  description  of  the  behaviour  of  the  loop  under  chirp 
conditions  may  be  obtained  from  solution  of  Eqn.  4.69  using  the  phase 
plane  technique  described  in  section  4*2.4. 

Beaponse  to  Pulse  Compression  Modulations 

> 

Modulations  applied  via  the  locking  signal  for  the  purpose  of  increas¬ 
ing  the  transmitted  signal  bandwidch,  as  described  previously  for 
injection  locking,  commonly  take  the  form  of  phase  shift  keying  or 
linear  frequency  modulation.  Typically  transmitter  bandwidths  between 
1MHz  and  lOMEz  are  required. 


In  light  of  previous  analysis  of  the  loop  transient  behaviour,  it 
may  be  seen  that  a  phase  shift  keyed  locking  signal  would  give  rise 
to  a  transient  described  by  Eqn.  4*49  at  each  discontinuity  of  the 
input  phase.  The  time  for  the  loop  to  re-establish  the  equilibrium 


condition  may  be  approximated  by  -i—  secs,  and  this  time  then  repres- 

K 

exits  the  minimum  period  of  the  modulation.  The  maximum  PSK  frequency 
K 

will  therefore  be  ~  Hz,  although  it  should  be  noted  that  at  such  rates 
10 


the  loop  transient  will  result  in  significant  spectral  degradation. 

In  particular  for  the  case  of  zero  frequency  detuning,  as  may  be 
seen  from  Fig.  4*8,  sudden  180°  phase  shifts  applied  to  the  locking 
signal  will  transfer  the  loop  exactly  to  the  unstable  equilibrium 
position,  resulting  in  maximum  distortion.  In  addition  to  the  wave¬ 
form  distortion'  inevitable  differences  in  the  transient  between 
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ays., .  _ _ _ 


elements  will  degrade  the  array  radiation  pattern  during  this  time* 

10 

PSK  modulation  will  therefore  only  be  suitable  when  the  period 
is  short  relative  to  the  modulation  period  and  pulse  length* 


The  loop  response  to  a  linear  FM  applied  to  the  locking  signal, 
previously  established  for  a  linear  PSD  in  Eqn.  4*70  shows  that  the 
phase  error  contains  a  constant  tracking  error  which  is  typically 
small,  and  a  term  linearly  increasing  with  time  due  to  the  progress¬ 
ive  detuning  of  the  VCO.  The  maximum  frequency  deviation  that  may 
be  applied  will  therefore  be  limited  by  the  maximum  acceptable  phase 
error,  where  the  phase  error  <P  is  given  for  the  sinusoidal  PSD  by 


tp  -  sin 


'tr  / 


Thus  to  ensure  low  phase  error  between  elements  the  maximum  value 
of  the  detuning  Ah)  must  be  small  compared  with  K. 


of  the  First  Order  Loop  Behaviour 


It  may  be  seen  that  the  behaviour  of  the  first  order  phase  locked 
loop  i3  very  similar  to  that  of  injection  locking  in  both  steady 
state  and  transient  phase  error.  The  phase  error  due  to  detuning 
between  the  locking  signal  and  the  VCO  free  running  frequency  (  which 
may  be  caused  either  through  temperature  drift,  aging  ,  pulsed  VCO 
chirp  or  intentional  linear  FM  applied  to  the  locking  signal  )  i3 
given  by  Eqn.  4*48 


/Aw  \ 

%  “  ***  VZI 

& 
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V 


The  acquisition  time,  being  the  time  required  to  ensure  the  steady 
state  value  of  phase  error  has  been  reached  for  the  majority  of 
initial  phase  conditions,  is  given  by  Eqn.  4*67 

10 

t  -  —  secs 

K 

It  is  desirable  to  minimise  both  of  these  quantities  in  practice 
and  since  they  are  both  inversely  related  to  the  loop  gain  K  »  , 

theoretically  this  may  simply  be  achieved  by  increasing  the  amplifier 
gain  A  to  a  sufficiently  high  level.  (  In  comparison,  the  equivalent 
quantities  in  injection  locking  may  only  be  minimised  at  the  expense 
of  locking  gain.  )  However,  as  will  be  shown  in  section  4*2.6  loop 
instability  due  to  signal  delay  around  the  loop  limits  the  magnitude 
of  the  loop  gain  in  realisable  loops,  such  that  typically  the  locking 
range  of  the  first  order  loop  is  limited  to  some  tens  of  MHz  and  this 
will,  in  general,  be  insufficient  to  ensure  adequately  low  phase  error 
when  microwave  VCOs  are  used.  It  is  shown  in  the  following  section 
however,  that  the  inclusion  of  suitable  loop  filtering  permits  the 
inclusion  of  further  amplification  in  the  ELL  and  a  subsequent  reduct¬ 
ion  of  phase  error  to  adequately  low  level. 

A  further  description  of  the  practical  performance  that  may  be  achieved 
with  the  first  order  loop  is  given  in  section  4.2.8. 


The  second  order  loop  overcomes  the  first  order  loop  limitation  on 
locking  range,  by  providing  high  loop  gain  at  low  frequency,  to  yield 
low  steady  state  phase  error,  whilst  reducing  the  gain  at  high  fre¬ 
quency  to  maintain  stability. 
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Ike  three  filter  types  giving  rise  to  second  order  loops  are  described 


1  1+  sx 

-  ,  F(s)  -  - - 


O  1+  BX, 

■  and  F(s)  -  - * 


1  + 


1+  st. 


the  frequency  responses  and  possible  circuit  realisations  of  which 
are  shown  in  Fig.  4*13. 


In  practice  the  simple  ‘lag*  filter  with  transfer  function 


F(s)  - 


1  +  st. 


shown  in  Fig.  4.13(a)  would  not  be  suitable  since  its  use  often  leads 
to  instability,  is  described  in  more  detail  in  section  4.2.6  the 
high  frequency  phase  shift  introduced  by  this  filter,  when  added  to 
the  -  90°  due  to  the  integrating  action  of  the  VCO,  will  approach 
-180°.  Although  the  phase  shift  in  an  ideal  loop  would  not  reach 
-180°,  the  inevitable  spurious  phase  shifts  present  in  practical 
loops  commonly  result  in  oscillation. 


The  addition  of  a  ’  lead  '  tern  resulting  in  a  filter  transfer 
function 


1  +  st- 


1  +  sx. 


reduces  the  tendency  to  instability  by  reducing  the  filter  insertion 
phase  to  zero  degrees  at  high  frequency.  This  response  is  obtained 
from  the  passive  filter  of  Fig.  4.13(b).  These  filter  transfer 
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functions  result  in  second  order,  type  one  loops. 


The  transfer  function 


1  +  sX„ 


yielding  a  type  two  second  order  loop,  is  produced  by  an  ideal  int¬ 
egrator  plus  a  phase  '  lead  '  network.  Although  the  integration 
function  can  be  approached  with  a  high  gain  operational  amplifier, 
the  gain  of  practical  amplifiers  will  inevitably  saturate  at  some 
value  (  as  indicated  by  the  dotted  curve  in  Pig.  4.13(c)  and  the 
response  in  practice  will  be  equivalent  to  that  obtained  from  an 
ideal  amplifier  of  frequency  independent  gain  A  ^  followed  by  the 
passive  filter  of  Pig.  4.31 (b),  i«e. 


/I  +  sx 


,1  T  Ok, 

?(fl)  ’  Asat - - 

Hi  +  3T1 


where  x^  is  now  the  period  corresponding  to  the  angular  frequency 
at  which  saturation  occurs.  Since  the  gain  A  ^  may  for  convenience 
be  considered  to  be  included  in  the  gain  of  the  ideal  loop  amplifier, 
second  order  loop  analysis  may  therefore  be  simply  confined  in  prac¬ 
tice  to  second  order  type  one  loops  with  filter  transfer  functions 
of  the  f ozm 


1  +  sX, 


1  +  eX. 


Derivation  of  the  General  Time  Domain  Equation 


With  reference  to  Fig.  4.6,  the  combined  transfer  function  of  the 
ideal  amplifier  and  filter  using  Eqn.  4*71  may  be  written 


U0(s)  A(1  +  si0) 


^(a)  (1  +  st.,) 


The  time  domain  equation  relating  u,  and  Ug  is  then 


du. 


+  ^ 


dt 


du. 


u  +  T2  — ' 
1  *  dt 


We  have  from  Eqn.  4*31 


^(t)  *  ^sinjjP^t)  -  »P2(t)) 


and  thus 


du. 

r 

« 

(  d<P. 

df,\ 

1 

-  K^coe^(t) 

-  *2(t) 

- 

dt 

'  dt 

dt  / 

From  Eqn.  4*29 


^2(t) 


dt 


-  KgUgCt) 


Differentiating  again  gives 

du„ 


dt 


"  *2 


dt 
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Substituting  Eqns.  4.74,  4.75  and  4.76  into  Eqn.  4*73  yields 


T1  -£?  ■  «.%-[*,  W  -  'P2(t)] 

*  -*2w](p 


i|(3 

.3) 

Adt 

dt/ 

.4.77 


which  is  the  generalised  tine  domain  quotation  for  a  second  order 
loop  with  lag/lead  filter. 


We  have  previously  defined  the  phase  error  4^  as  4^  -  4^  -  <P2 
hence  • 


d4> 

d4> 

d4> 

e 

1 '  -  m 

_ 1 

2 

dt 

dt 

-  dt 

.4.78 


d4> 


1  . 


When  the  locking  signal  frequency  is  constant - is  a  constant 

dt 

and  thus  from  Eqn.  4*78 


d24>  d24> 

_ e _ i 


2  2 

dt*1  at* 


Substituting,  Eqn.  4*77  then  becomes 


iv.  d2^  d4>  r  -i 

a  X  - ®  + -  1  +  KX  cos4| '  (t)  +  Ksin'P  (t) 

1*  1  dt*  dt  L  *  J 


d4> 

dt 


•*••4. 79 


where  K  *  AK^K^  a3  before. 


A  check  on  Eqn.  4.79  can  be  made  by  equating  and  t2  to  zero 
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^">-t*^-rV^5*' 


?  @^@^S>»e-s5»B^rwa 


since  then  P(s)  -  1  and  a  first  order  loop  should  be  obtained. 
Eqn.  4.79  with  X^  «  x2  -  0  gives 

d4>  d<P 

—  -  — e  +  Ksin'P  (t) 
dt  dt  e 

and  since  —  «  Au) 
dt 

-A to  -  Ksin'P  (t) 

dt 

which  is  the  sane  as  Eqn.  4*45* 

for  a  constant 
Sqn.  4.79  with 


for  which  the  assumption  is  made  that  lock  is  achieved. 
Hence 


The  steady  state  response  of  the  second  order  loop 
locking  signal  frequency  is  obtained  directly  from 


d2(P 


dt 


fe 

dt 


dP 

—  *  Ksin'P 

dt  e 


therefore  *P  =  sin 
e 


.4.80 


The  locking  range  Au)  ig  obtained  by  noting  the  restriction 


sin^  ^  i 


giving  Aid. 


K 


.4.81 
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fiitoftr  .ariwrtWfniir  i-jftiinan'rs^. 


SSfciitfi 


Similarly  the  synchronisation  range  Ad)  is 

s 

AU)S  ■  2K  . 4*82 

Hie  expressions  of  Eqn.  4*88  and  4*82  may  be  seen  to  be  the  same  as 
those  obtained  for  the  first  order  loop  in  Eqn.  4*48  and  4*47* 


As  before,  the  transient  response  of  the  loop  is  of  interest  for 

predicting  the  loop  behaviour  when  a  pulsed  VCO  is  used,  or  when 

modulation  is  applied  to  the  locking  signal.  An  exact  solution  to 

Eqn.  4*79  is  not  available  however,  since  this  is  a  second  order 

> 

nonlinear  differential  equation,  analytically  insoluble}  nevertheless 
the  foim  of  the  transient  may  be  obtained  indirectly.  Hie  more 
precise  indirect  method  of  analysis,  described  subsequently,  uses 
the  phase  plane  approach,  but  a  good  deal  of  insight  into  second 
order  transient  behaviour  may  also  be  obtained  from  physical  reason¬ 
ing  and  the  results  previously  established  for  first  order  loop. 


With  reference  to  Pig.  4*14  in  which  the  amplitude  response  of  the 
type  one  second  order  loop  filter  is  again  shown,  it  may  be  seen 
that  at  high  frequency,  the  filter  is  simply  an  attenuator  of  vo?,.t- 
age  *  gain  '  ea‘*:a^is^e^  ss  follows  * 

we  have 


Hence 


f  (ju») 


1  +  jWTg 

1  +  jwx1 


Fig  4«15  PSD  Output  Waveform  for  Au)  >  K 


When  to  is  large 


When  a  large  detuning  exists  between  the  7C0  free  running  frequency 

and  the  locking  signal  a  high  difference  frequency  will  be  present 

in  the  loop  and  the  gain  of  the  loop  will  thus  be  reduced  by  the 

factor  ^2/^1  £xaa  "kk®  I°w  frequency  value*  Under  these  conditions, 

assuming  that  the  detuning  is  such  that  immediate  lock  of  the  VCO 

is  not  possible,  the  loop  will  appear,  .to  be  a  first  order  loop  of 

> 

reduced  gain,  driven  with  a  synchronising  signal  outside  the  locking 
range.  The  behaviour  for  this  situation  was- established  in  Bqn.  4*51 
and  an  illustration  of  the  PSD  output  for  this  case  is  shown  in  Fig. 
4.15*  It  may  be  noted  that  this  wavefonn  is  asymmetric,  due  to  mod¬ 
ulation  of  the  VCO  by  the  difference  frequency,  and  contains  a  DC 
component.  Fig.  4.14  however,  shows  the  loop  filter  to  have  higher 
•  gain  *  (  unity  )  at  DC  and  thus  the  DC  component  of  the  PSD  output 
will  cause  the  7C0  frequency  to  move,  relatively  slowly,  towards  that 
of  the  locking  signal.  The  asymmetry  of  the  PSD  output  is  always 
such  as  to  produce  a  DC  component  tending  to  reduce  the  difference 
frequency.  This  phenomenon  of  second  order  loops,  in  which  the 
difference  frequency  of  an  unlocked  loop  gradually  diminishes,  is 
known  as  '  pull-in  •  ;  the  VCO  during  this  period  is  said  to  be 
«  skipping  cycles  '.  If  the  difference  frequency  is  reduced  to  a 
point  approaching  that  at  which  lock  can  occur  as  predicted  by  first 
order  theory,  from  Bqn.  4.52  the  beat  frequency  present  in  the  loop 
will  be  reduced.  The  loss  introduced  by  the  filter  will,  however, 
then  also  reduce,  leading  to  greater  VCO  modulation.  Ihis  in  turn 
will  lead  to  a  further  reduction  of  beat  frequency  and  so  on,  and 
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li¬ 


the  loop  will  rapidly  become  looked.  A  second  order,  type  two  loop 
with  an  ideal  integrator  will  •  pull-in  1  for  any  initial  detuning  ; 
the  more  realistic  case  represented  by  the  second  order,  type  one 
loop  has  a  finite  *  pull-in  '  range.  Approximate  values  for  the 
*  pull-in  '  range  and  time  to  acquire  lock  via  •  pull-in  '  are  given 

by  Blanchard (39)  . 


Since  rapid  synchronisation  is  required  for  a  pulsed  active  array 
source,  the  pull-in  form  of  locking  transient  will  in  general  be  un¬ 
acceptably  slow  and  a  locking  transient  without  cycle  skipping  will 
be  required.  "» 


The  range  of  initial  difference  frequencies  over  which  capture  with¬ 
out  cycle  skipping  is  obtained,  defined  here  as  the  capture  range 


Acoc  ,  cannot  be  exactly  specified  unless  the  initial  phase  difference 


is  also  known.  However,  an  approximate  value  for  any  initial  phase 
is  simply  given  by  the  synchronisation  rang-.-  for  a  first  order  loop 
with  loop  gain  equal  to  that  existing  at  high  frequency.  Thus  using 
the  result  established  in  Eqn.  4*47 


AU)e  ss  2  .  — 
X1 


.4.84 


This  approximation  will  be  valid  when 


Br 


1 

>  - 
X. 


.4.85 


i.e.  when  Aw_  for  the  equivalent  first  order  loop  is  within  the 
I* 


•  flat  1  high  frequency  region  of  the  filter  response.  This  condition 
will  usually  be  necessary  to  ensure  stability. 
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■WJS ?*»  t-  .-i -Jr*  : 


To  summarize  the  points  made  thus  far,  the  synchronisation  range  of 
the  second  order  loop  can  he  represented  as  shown  in  Fig.  4.16.  The 
synchronisation  range  within  which  the  VCO,  once  locked,  can  track 
the  locking  signal,  is 

Au)s  -  2K 

the  capture  range,  approximated 


Within  the  synchronisation  range, 

fcy 


A(jO„ 


2.  — 2 

X. 


gives  the  range  of  initial  difference  frequency  for  which  the  acquis¬ 
ition  transient  is  relatively  short  and  does  not  include  '  cycle 
skipping  ' .  Outside  this  range  the  VCO  skips  cycles  during  a  relat¬ 
ively  long  pull-in  phase  before  lock  occurs.  The  range  of  frequency 
over  which  the  loop  can  pull  in  to  lock  is  given  by  Blanchard  (39)  . 
Since  acquisition  involving  pull-in  is  not  of  practical  interest, 
the  discussion  of  the  acquisition  behaviour  can  now  be  limited  to 
initial  frequency  differences  within  the  capture  range. 

Phase  Plane  Analysis 

Phase  plane  analysis  is  essentially  a  graphical  method  of  solving 
differential  equations  and  has  been  developed  principally  for  the 
analysis  of  control  systems.  The  application  of  the  technique  to 
HiLs  is  well  described  by  KLapper  and  Frankie (4°)  and  Viterbi (41 ) 
and  the  essential  features  are  given  below. 
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A  plot  is  made  of 
analysis  as  shown 
is  used  here* 


d«P 

—  against  (  hence  the  description  phase  plane 

dt  e  •  # 

in  Pig.  4*17»  For  convenience  the  notation  4>  *  — e 

9  dt 


The  plot  is  started  hy  evaluating  <P  (t)  at  t  »  0  from  a  known  initial 
condition  *PQ(0)  .  Thus  we  have  the  first  point  [^(0),  d>e(o)j  . 
Subsequenc  points  on  the  plot  are  found  by  noting  that  the  slope  at 
%(0)]  is 


S 

d<P 


A»P 


■tr  w  0 


4*86 


and  therefore  the  next  point  is  approximately 


<Pe(0)  +  A«Pe 


x  A<pJ  +«Pe(0) 


t  ■  0 


4*87 


.4.88 


Similarly  at  this  point  the  slope  is  again  calculated  and  the  plot 
is  thus  continued.  A  small  value  of  A<Pg  between  points  is  used  to 


ensure  accuracy. 


The  time  interval  between  evaluations  is  calculated  by  noting  that 


A*e 

At 


W 


Thus 


At 


A<P 

VV 


4.89 


4.90 
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At 


4.91 


and 

By  noting  the  time  interval  at  each  evaluation,  the  variation  of  <Pe 
with  t  can  therefore  he  established* 


in  obvious  difficulty  arises  in  the  computation  of  the  plot  from 

the  fact  that  ^e/^  00  when  *P  — ►  0  as  shown  in  Pig.  4*17* 

However  the  problem  can  be  avoided  by  reducing  A<P  as  the  *P 

0  0 

is  approached  (  A<P  was  reduced  from  0*5°  to  0*01°  in  practice  ) 
e  »  . 

and  by  arranging  for  the  plot  to  '  jump  over  '  the  axis  when  e/,  ., 

av« 

is  sufficiently  large. 


To  evaluate  the  slope  of  the  phase  plane  plot  at  each  point  we  need 

d<5> 

an  expression  for  — 
d*P 


Prom  Eqn.  4*79  we  have 

dV 


e 


d*P 


*•»  9  +  (l  +  Kt.cos'P  ) — 8  +  Ksin'P  -  Aw 

1  dt^  4  e  dt  ® 


Dividing  each  term  by  we  obtain 


«P  1  +  KC0cos<P  Ksin'P 


-e  + 


2  e 


<P_ 


V*. 


e  ^  4JU 


Aw 


.4.92 


dV 


^ere  V  "  ^ 


Voting  that 
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"w— .  1  n  .:-C> '-C'  ’  -  ■ 


d  .  d  . 

%  =  —  OP.)  =  -SV-^e 

e  dt  e  d*P  e  e 

e 


we  have 


<P  - 


d*P 

_ e 

d'P. 


•4.93 


and  thus  from  Ban.  4*92 


d<P 

e 

d<P 


Aw  -KsinP 


Ve 


1  +  KC-coe'P 
d _ e 


.4.94 


which  is  of  the  required  form. 


The  initial  value  for  'P  at  the  start  of  the  plot,  given  any  initial 

<P  ,  is  taken  from  that  pertaining  to  a  first  order  loop  with  gain 
6 

equal  to  the  high  frequency  gain  of  the  second  order  loop,  i.e. 

X2 

<P  -  Aw  -  K-  sin'P 

e  e 

Several  series  of  computations  were  made  using  phase  plane  analysis 
to  establish  the  nature  of  the  capture  transient  of  the  second  order 
type  one  loop.  The  FORTRAN  program  used  for  this  is  given  in  Appendix  1. 
Results  for  a  representative  case  of  practical  interest  are  shown  in 
Fig.  4.18  in  which  we  have 

Aw  «  oTl.lO^rad/s 
K  «  2TX.l09rad/s 
X  -  1/10TC.105  sec 
Xg  -  l/lOTC.lO6  sec 

i.e.  the  filter  roll-off  frequencies  are  500KHz  and  5MHz. 
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It  may  be  seen  free  the  figure  that  after  ~  20ns  the  transients  are 
all  decreasing  towards  the  final  value*  The  subsequent  overshoot, 
characteristic  of  a  slightly  underdamped  second  order  system  may  be 
seen  to  decay  in  exponential  fashion  to  the  steady  state  value*  Bie 
meaning  of  the  scale  marked  in  units  of  1  secs  is  explained  shortly. 


Ihe  theoretical  value  of  steady  state  phase  error  is,  from  Eqn.  4*80 


<*>„(*>)  -  1.7e 


and  the  locking  range  for  this  case  is 


Aw_  •  K  m  2TC.10  rad/s 

XI 


Since  phase  plane  analysis  does  not  yield  a  general  solution  to 
Eqn.  4*79  it  will  be  necessary  to  examine  aU.  the  possible  capture 
transients  for  each  individual  second  order  loop  in  order  to  predict 
the  time  required  for  the  majority  of  possible  initial  conditions 
to  achieve  the  steady  state  phase  error* 


A  general  approximation  can  be  obtained  however,  from  the  linearised 
theory  of  the  loop  which  can  also  be  applied  to  the  nonlinear  analysis* 


Linear  Theory  of  the  Second  Order  Loop 


When  the  linearising  approximation  sin'P  ~  '-P  can  be  made,  the  error 
function  of  a  PLL  in  operational  notation  is 


$e(s) 


«,(»)  •  +  n?(») 


^gaSBHBaBSBfei 


124 


Using 


1  +»t2 

1  +  sx« 


gives 


ie(«)  «(l  »  ax^ 

^(s)  3(1  +  sx1)  +  K(l  +  sx2) 


S2  +  3/x. 


s2+  a(l  +  ^2)/x1  +  H/t1 


...4.95 


It  is  conmon  to  form  an  analogy  between  Eqn.  4*95  and  the  equivalent 
expression  for  generalised  second  order  servo  loops.  The  denominator 
of  the  generalised  transfer  and  error  function  is  usually  formulated 
in  terms  of  the  natural  resonant  frequency  u>n  and  damping  coefficient 


a2  +  2S<0„s  +  (0  2 
n  n 


By  analogy 


—  and  2&jJ 

,, 


-  (1  +  KXg)/x1 


Therefore 


K 

W  -  - 

n  K 


„  1  (1  +  kO 

and  £  »  ~  — . 

2  ^ 


. 4.97 


Thus  Eqn.  4*95  becomes 


_  U) 
2  A 


$g(s)  .S  ~  a 

£,(*)  s2+2Ct0  8+w2 

1  n  n 


E"n 


1  +■  Kt, 


2t< 


it  may  be  seen  that  two  time  constants  are  involved  in  the  transient. 


1  Kc 

Since  we  will  normally  ensure  that  _  <  _ 2 


X1  X1 


the  longer  time  constant  will  be  and  this  then  indicates  the  approx¬ 
imate  time  at  which  the  phase  error  will  be  reaching  the  final  value. 


Taking  the  same  values  of  K,  Aoj,  T1  and  Tg  used  previously  we  have 


9 

4*44  *  lO^rad/s 


and  Z  -  0.743 


The  transient  of  Eqn.  4.102  is  shown  in  Pig.  4*19  which  also  shows 

for  comparison  the  equivalent  transient  for  a  first  order  loop  with 

loop  gain  equal  to  the  high  frequency  gain  of  the  second  order  loop 

i.e.  If,  .  .  ■  2Tt,l0^rad/s.  It  may  be  seen  that  the  transient 

lot  order 

\ 

of  the  second  order  loop  initially  follows  that  of  the  first  order, 

however  after  t  m  l/u)  the  error  starts  to  decrease  towards  the 

n 

steady  state  value. 


It  may  be  shown,  as  demonstrated  in  the  example  of  Fig.  4«19  that 

for  initial  phases  within  -  30° *  the  phase  error  is  within  a  small 

fraction  (  i.e.  less  than  a  few  degrees  )  of  the  final  value  in  a 

time  t  -  6/  secs  when  1 .  Since  -  30°  represents  the  approximate 
OJ 

n 

linear  range  of  a  sinusoidal  PSD,  this  time  may  therefore  also  be 
applied  to  the  nonlinear  acquisition  transient  once  the  phase  error 


127 


is  reduced  to  the  ]. inear  region.  Allowing,  with  reference  to  Pig. 
4.18,  an  additional  4/  secs  for  the  reduction  of  worst  case  initial 
conditions  to  the  linear  region  gives  an  approximate  time  to  ensure 
acquisition  of 


. 4.103 


This  time,  although  less  well  specified  than  that  for  a  first  order 

loop,  may  be  used  as  a  general  approximation  of  the  acquisition  time 

and  from  the  time  scale  given  in  terms  of  1/  it  may  be  seen  to  be 

r 

valid  for  the  case  represented  in  Fig;, 4.18. 


Transient  Response  Including  Linear  Frequency  C 


When  chirp  of  practical  pulse  oscillators  is  taken  into  account, 

presuming  a  linear  change  of  frequency  through  the  pulse  of  slope 
2 

?  rad/s  from  t  «  0,  Eqn.  4.29  becomes 


—  -  u„(t)K  +  P.t 

dt  * 


and  Eqn.  4*79  thus  becomes 


dV  d<i>  d2*P  d'P 

xrV  +  -1  -  +  V  -  X  -2e  +  -f 

W  dt  11  dt  dt 


a  (  r  i 

—  1  +  Rx^cos'P  +  Ksinf 
rf-fe  L  2  ?!  e 


. 4.104 


When  the  locking  signal  is  constant,  — r  *»  0  and  hence 

dt 

f^1  -  P(t  +  x^)  -  X1f_ja  +  — -e  Ji  +  KX2cos'pJJ+  Ksin^  ....4.105 

dt  dt2  dt 


asm m 


-  ?cg&*g.rw^  r.  - 


As  'before,  this  equation  is  analytically  intractable,  but  following 
the  approach  previously  adopted  for  the  first  order  loop,  the  linear¬ 
ised  equation  may  be  used  to  indicate  the  form  of  the  loop  response 
to  linear  oscillator  chirp  after  the  acquisition  transient*  Hie 
linearised  error  function  of  the  loop  is 


$e(s) 

$,(s) 


2  Wn 

S  +  ~  8 


2  2 
8  +  2^3  +  U)n 


sod  representing  the  VCO  chirp  by  an  equivalent  linear  variation  of 

2 

the  locking  signal  frequency,  the  case  of  a  linear  chirp' slope  P  rad/s 

> 

applied  at  t  -  0  with  zero  initial  detuning  is  given  by 


*4.106 


2ms 


a2+ 


PU,n2/K 


2&U^S  +  u,/  s(s> 


,*4.107 


Ignoring  the  transient  terms  in  the  solution,  which,  including  an 
exponential  factor  exp(-£wnt)  may  be  assumed  to  be  small  after  the 
capture  transient,  the  subsequent  response  is  given  by 


... 4.108 


This  may  be  seen  to  contain  a  constant  •  tracking  ’  error  and  term 
linearly  increasing  with-  time.  Taking,  for  example,  the  values  prev- 
•iottsly  used  to  -obtain  Pig.  4*18 


WawmBKNEU 


i«  e. 


UL 


£ 


4.44  x  10^ rad/s 


0.743 


iC  **  2rc.l0®rad/s 


1 2 

with  P  =  2TC.5.10  rad/s  (  i.e.  chirp  of  5MHz/|is)  a  tracking  error 
of  1.426  x  10  rad  is  obtained.  The  term  linearly  increasing  with 
time  is  of  the  same  form  as  that  previously  obtained  for  the  first 
order  loop  and  represents  the  *  steady  state  '  phase  error  for  the 

detuning  existing  at  time  t.  In  the  example  a  phase  error  of 

_2 

5  x  10  rads  is  obtained  after  1[is. 

» 

Response  to  Pulse  Compression  Modulations 


Consider,  as  before,  phase  shift  keyed  and  linear  FM  modulations 
applied  to  the  locking  signal  to  increase  the  transmitted  bandwidth. 


The  form  of  response  of  the  second  order  loop  to  PSK  modulation  will 
be  similar  to  that  of  the  first  order  in  that  at  each  phase  discon¬ 
tinuity  of  the  input  signal,  the  loop  will  take  a  finite  time,  approx¬ 
imated  now  by  lO/oo^secs,  in  which  to  re-establish  the  steady  state 
output  phase.  The  finite  loop  response  time  will  therefore  degrade 
the  modulating  waveform  and  also  the  radiation  pattern  during  the 
transient.  The  period  lO/oo^  must  be  therefore  short  in  comparison 
with  the  period  of  the  modulation. 


The  response  to  linear  PM  modulation  is  the  same  as  that  given  above 
for  a  linear  frequency  chirp.  As  for  the  first  order  loop  the  limit¬ 
ation  on  the  input  frequency  variation  is  determined  principally  by 
the  phase  error  introduced  by  the  detuning  Aw,  when  the  tracking 
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I 


error  may  be  ignored,  where 


However,  since  Z  for  the  second  order  loop  will  normally  be  signif¬ 
icantly  greater  than  that  which  may  be  used  in  a  first  order  loop, 
the  restriction  on  the  maximum  value  of  Ato  is  reduced. 

The  maximum  transmitted  bandwidth  normally  required  is  lOltHz.  It 
may  be  seen  that  taking  the  value  of Z  previously  used  (  2TUlO°rad/s) 
the  phase  error  introduced  during  the.  praise  by  a  linear  frequency 
change  of  this  value  is  acceptably  low,  5*7°,  within  the  linear 
range  of  the  PSD. 

Summary  of  the  Second  Order  loop  Behaviour 

Bie  second  order  loop  analysis  is  simplified  by  taking  only  the  lag- 
lead  filter  transfer  function  to  be  of  practical  interest.  Hie  use 
of  this  filter,  shown  in  Fig.  4.14  overcomes  the  restriction  on  loop 
gain  encountered  for  the  first  order  loop  by  providing  high  gain  at 
low  frequency,  whilst  reducing  the  gain  at  high  frequency  to  maintain 
stability. 

lhe  phase  error  due  to  detuning. between  the  locking  signal  and  the 
VCO  free  running  frequency  (  which  may  be  caused  by  temperature  drift, 
aging  ,  pulsed  VCO  chirp  or  intentional  linear  FM  )  is  given  by 
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which  is  the  same  expression  as  obtained  for  the  first  order  loop. 

It  should  be  noted,  however,  that  higher  values  of  loop  gain  K  will 
in  general  be  used  in  the  second  order  loop,  leading  to  lower  phase 
error. 

In  addition  to  the  normal  capture  transient,  the  second  order  loop 

also  exhibits  a  pull-in  response  in  which  an  oscillator  with  initial 

detuning  outside  the  capture  range  becomes  locked  via  a  cycle  skipping 

transient.  Acquisition  within  the  capture  range,  of  more  interest 

for  rapid  synchronisation  of  pulsed  active  array  sources,  may  be 

analysed  in  specific  cases  using  the  phase  plane  approach  to  solve 

> 

the  non-linear  differential  equation.  A  more  general  approach  using 
the  linearised  equation  however  gives  an  approximate  time  to  ensure 
acquisition  of 

10 

t  «  —  secs 

% 

4.2.5  Higher  Order  Loops 

* 

Phase-locked  loops  of  order  greater  than  two  are  of  little  interest 
for  the  active  array  application,  since  even  in  the  ideal  case,  when 
no  spurious  phase  shift  is  introduced  into  the  loop,  extreme  care 
must  be  taken  in  their  design  and  operation  to  avoid  instability. 

In  practice,  when  the  effects  of  loop  delay  are  included  stable  oper¬ 
ation  is  usually  only  achieved  at  the  expense  of  the  loop  capture 
range  and  transient  performance. 
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4.2.6  Phase-Locked.  Loop  Stability  and  the  Effect  of 


Stability  of  Ideal  Loops 


The  stability  of  PLLs  can  be  established  by  means  of  root  locus 
(42.) 

analysis  in  which  the  location  in  the  complex  s  plane  of  the 

poles  of  H(s)  are  determined  as  the  loop  gain  varies.  If,  for  certain 

values  of  K,  the  root  locus  cuts  the  imaginary  axis  and  passes  into 

the  right  hand  half -plane,  the  loop  will  be  unstable  for  these  values. 

An  alternative  method  of  assessing  loop  stability  utilises  the  Bode 

diagram  to  examine  the  gain  of  the  open  loop  transfer  function  when 

> 

its  phase  reaches  180  and  since  this  is  more  illuminating  as  to  the 
cause  of  and  possible  solution  to  loop  instability,  it  is  to  be 
preferred  here.  Thus  plots  are  mkSe~*'of  the  magnitude  and  phase  of 
the  openloop  transfer  function  G(s)  against  frequency.  The  linear¬ 
ised  open  loop  transfer  function  of  an  ideal  loop  (  no  amplifier 
delay,  flat  amplifier  gain  )  containing  a  filter  with  transfer  func¬ 
tion  F(s)  is  given  by 


^K£(s) 


.4.109 


where  the  denominator  represents  the  integrating  action  of  the  VCO. 
The  linearised  transfer  function  is  used  in  stability  analysis  since 
the  '  gain  '  of  the  PSD  in  v/rad  is  greatest  in  the  linear  region 
and  hence  loop  instability  will  appear  in  this  region  first. 


The  Ideal  First  Order  Loot 


A  first  order  loop  has  no  filter  and  thus  P(s)  «  1.  With  s  *  ju) , 


S. 


Eqn.  4.109  for  this  case  becomes 


G(dco) 


a^k2 


jU) 


for  which 


AK^  K 

W  U) 


4.110 


. 4.111 


and 

Arg(G(jO)))  •»  tan"1  (-00)  - - rad  . 4.112 

2 

The  plots  of  j  G(jU))|  and  Arg(G(juj))  against  log('jj)  are  shown  in 
Pig.  4.20  and  it  may  be  seen  that  this  loop  is  unconditionally  stable 
with  phase  margin  (  i.e.  the  difference  in  phase  from  180°  at  the 
unity  gain  frequency  )  of  90°  *  It  may  be  noted  that  the  unity  gain 
frequency,  given  by  Eqn.  4.111  asu)=  K,  also  defines  the  locking  range 
since  from  Eqn.  4*47  «  K.  For  the  ideal  first  order  loop  K  is 

■unrestricted  by  loop  instability.  In  practice,  of  course,  this  loop 
cannot  exist  since  any  practical  loop  amplifier  will  introduce  delay 
and  eventually  a  high  frequency  gain  roll-off  at  some  point. 


Pie  Ideal  Second  Order  Loop 

The  ideal  second  order  type  two  loop  results  from  the  use  of  a  flat- 
gain  amplifier  with  no  delay,  followed  by  a  passive  second  order 
loop  filter  •  The  filter  transfer  function  containing  only  a  *  lag 
term  is  given  by 

P(s)  -  ~ 

1  ♦  sx^ 
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aftd  in  this  case  G(jU))  becomes 


G(jw) 


. 4.113 


jU)(l+  JWT.,) 


from  which  it  may  be  seen  that  at  high  frequency  the  phase  shift 
around  the  loop  tends  to  -  180°.  In  practice  any  delay  or  additional 
spurious  phase  shift  In  the  loop  can  result  in  instability,  and  hence 
loops  with  this  simple  lag  filter  attract  little  attention* 


Hie  •  lag-lead  •  filter  transfer  function 


1  +  8X„ 


1  +  st* 


as  previously  noted  is  of  much  more  interest.  An  ideal  loop  contain¬ 
ing  this  filter  response  gives 


K(1+  jCDt  } 

G(jU))  «  - 

jU<1+ 


• • •  • • • #4*114 


therefore 


|c(jw)| 


K  |l  t  u)  l2 


.4.115 


Arg(G(;jw))  ■=  tan 


-i/1  +  “  XH 
'  W(T1  -  X2> 


4.116 


The  Bode  diagram  for  this  case  is  shown  in  Pig.  4*21  and  it  may  be 
seen  that  the  phase  characteristic  approaches  -180°  during  the  region 
of  rapid  amplitude  fall,  but  recovers  at  high  frequency  to  give  a 


The  Effect  of  Delay  on  Loop  Stability 


All  realisable  PLLs  '.Till  exhibit  a  finite  delay  time  around  the  loop, 

introduced  either  by  the  loop  components  or  simply  by  the  physical 

length  of  the  loop.  That  due  to  the  loop  length  may  obviously  be 

reduced  by  giving  careful  consideration  to  layout  and  in  practice 

it  is  often  the  amplifier  that  is  the  main  contributor  to  the  delay. 

The  type  SL541C  amplifier  used  in  the  experimental  work  for  example 

has  typical  delay  of  ~  6  ns.  When  a  delay  is  included  in  the  loop, 

> 

the  open  loop  transfer  function  G(s)  becomes 
AK  KJP(s)exp(-s  X  ,) 

G(s)  .  —Li - —  . 4.117 

8 


For  a  first  order  loop  including  delay  thi3  becomes  when  s  •  jW 


X  exp(-jWT.) 

G(ju>)  =  - Q  . 4.110 

from  which  we  obtain 


|gUw)|  -  ^  . 4.11? 

“1  u 

Arg(G(jU)))=  tan  (cotur^)  =  -  —  -  U)X^  . .4*120 

2 


It  may  be  noted  that 

Arg(G(jw))  =  -Tt 
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K 

—  rad 


TC  / 
—  rad/s 


Thus  taking  for  example  the  approximate  value  of  for  the  SL541C 
amplifier  i.e„  °  6  ns,  the  160°  phase  shift  frequency  is 

g 

2.6  x  10  rad/s  (  41  <>67  1.1Hz  )  and  this  then  is  also  the  maximum  value 
of  open  loop  unity  gain  frequency  and  locking  range  that  can  be  obtain¬ 
ed  from  a  first  order  loop  containing  this  amplifier.  In  practice 
other  spurious  phase  shifts  and  additional  delay  due  to  the  loop 
length  will  combine  to  further  reduce  the  locking  range  that  may  be 
obtained.  It  should  be  noted  that  amplifiers  with  lower  values  of 
insertion  delay  can  be  used  to  provide  larger  bandwidths. 


Ihe  second  order  open  loop  transfer  function  including  delay  is 


K(l+  jurtp) 

G(jW)  „  -  exp(-jwxj 

Ml  +  j^) 


.4.122 


where 


1  +  jwx. 


In  this  case 


|gQw)| 


k  h  +w2x221 

1  +  u>%2 


a*&£5sa» 


Arg(G(jd)))  o  tan 


-1 


Q  ' 

(l  +  U)  X1Xp)  cosu)Xd  -  (ju(X1  -x2)ainwxd 
|_0)(x1  -X2)coswrd  4  (l+  U)2t1t2)sino)Xd 


o  o  o4".1  24 

The  Bode  diagram  describing  Eqn.  4*123  and.  4.124  is  shown  in  Pig. 

4*22.  The  dashed  curve  shows  the  phase  shift  due  to  the  delay  alone 
i.e.  the  first  order  loop  response.  It  day  be  seen  from  the  diagram 
that  care  must  now  be  taken  in  the  choice  of  and  X2  to  ensure 
that  the  phase  characteristic  does  not  reach  -  180°  at  the  dip  in 
phase  corresponding  to  the  region  of  rapid  gain  fall-off  in  the 
amplitude  response.  The  maximum  frequency  at  which  the  phase  charact¬ 
eristic  can  reach  -  l80°can  be  seen  to  he  that  due  to  the  delay  alone 
and  thus  the  maximum  bandwidth  (  =  capture  range  )  of  the  second  order 
loop  is  restricted  to  the  same  value  as  that  for  a  first  order  loop. 

Hie  advantage  of  the  second  order  loop  becomes  apparent,  however, 
when  considering  the  loop  gain  at  lower  frequencies,  since  it  is  this 
which  determines  steady  state  phase  error. 


The  Effect  of  Belay  on  Loop  Performance 

In  addition  to  its  effect  on  loop  stability*  delay  will  also  influence 
the  transfer  function  and  transient  performance  of  the  loop.  Since 
the  effect  of  delay  can  be  neglected  at  low  frequency  it  is  clear 
that  the  steady  state  response  of  the  loop  will  be  unaffected.  The 
behaviour  involving  the  wideband  response  of  the  loop  will  be  modified, 
but  since  loops  will  not  in  general  be  designed  to  operate  close  to 
instability  (  i.e.  the  open  loop  unit  gain  frequency  will  be  designed 
to  be  significantly  less  than  the  maximum  value  determined  above  ) 
it  would  not  be  expected  that  the  behaviour  would  be  radically  diff¬ 
erent  from  that  given  in  sections  4*2.3  and  4»2.4»  It  should  be 
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noted,  however,  that  if  an  exact  description  of  the  loop  transient 
performance  is  required,  the  modified  equation"  including  delay  should 
be  used  in  the  loop  analysis.  These  are  developed  below  simply  for 
reference. 


Consider  then  a  delay  xd  introduced  by  the  loop  amplifier.  Following 
the  derivation  of  the  loop  equations  previously  given  in  section 
4.2.1  the  output  of  the  PSD  is 


u,(t)  =  KjSinOp^t)  -ip2(t)  ) 


For  a  first  order  loop  the  filter  is  omitted  and  the  output  of  the 
amplifier  is 


u2(t)  -  AK^sin  [^(t  -Xd)  -<P2(t  -id)| 


.4.125 


d^t) 

Since  -  =  KgUgCt) 

dt 


we  have 


-  Ksin^(t  -Xd)  -  4>2(t  -id)] 


.4.126 


which  is  the  loop  differential  equation  including  delay.  In  the  linear 
region  of  the  PSD,  this  simplifies  to 


Vt}  =  K^t  -Xd)  -  <P2(t  -td)] 


.4.127 


Transforming  into  the  frequency  domain  this  becomes 
S2(s)  -  [i1(s)exp(-sld)  -  l2(s)exp(-std)J  K 


and  the  loop  transfer  function  is  then 


$_(s)  Kexp(-st  ) 


^(s)  s  +  Kexp(-sxd) 


.4.128 


The  equivalent  tine  domain  equation  for  other  loops  is 


Ksinipj  (t  -Td)  -ip2(t-xd)  *  f(t) 
>  . 


.4.129 


where,  as  previously,  f(t)  is  the  impulse  response  of  the  filter  and 
*  denotes  convolution.  The  transfer  function,  similarly,  is 


$o(s) 


KP(s)exp(-st,) 


<^(3)  s  +  KP(s)exp(-sxd) 


.4.130 


4.2.7  Noise  Performance 

A  detailed  analysis  of  the  noise  performance  of  the  FnL  is 
given  elsewhere  '  but  several  points  indicative  of  the  form  of 
the  noise  performance  are  considered  in  the  following. 

It  was  previously  noted  in  the  discussion  of  the  noise  performance 
of  injection  locked  oscillators  that  solid  state  microwave  oscillators 
usually  exhibit  a  high  level  of  output  noise  power  relative  to  an 
upconverted  signal  from  a  stable  low  frequency  source.  Thus  the 
expected  situation  will  again  be  that  of  a  1  quiet  1  locking  signal 
synchronising  a  '  noisy  1  VCO. 


A  PLL  with  ideal  PSD  in  which  the  output  voltage  is  only  related  to 
the  phase  of  the  inputs  will  bo  unaffected  by  AM  noise}  the  AM 
noise  output  of  the  VCO  will  be  the  same  as  that  of  the  unlocked 
oscillator;  AM  noise  present  on  the  locking  signal  will  have  no 
effect  on  the  VCO  output.  Practical  mixer  PSDs  are,  however,  based 
on  a  multiplication  of  the  input  signal  for  their  operation,  and 
the  mixer  output  po-ver  at  the  desired  difference  frequency  will  be 
a  function  of  the  input  signal  powers.  AM  noise  present  at  the 
mixer  inputs  will  therefore  produce  variations  in  the  PSD  character¬ 
istic  K.j  (  volts/rad  )  and  thus  lead  via  Eqn.  4.48  to  a  varying 
phase  error.  In  general  therefore,  although  the  inherent  AM  noise 
of  the  VCO  will  be  essentially  unaffected  by  the  PLL,  for  frequency 
components  within  the  loop  bandwidth,  given  approximately  by  the 
locking  range  for  a  first  order  loop  and  by  the  capture  range  for  a 
second  order  loop,  there  will  be  some  degree  of  AM  to  FM  conversion 
resulting  from  AM  noise  components  appearing  at  the  PSD.  AM  noise 
sidebands  present  on  the  locking  signal  will  produce  EM  noise  side-  * 
bands  at  equivalent  frequencies  on  the  VCO  output}  AM  noise  sidebands 
existing  on  the  VCO  output  will  produce  correlated  EM  sidebands  at 
the  same  '  modulation  '  frequencies.  The  AM-  FM  conversion  may  be 
minimized,  and  in  practice  brought  down  to  low  levels,  by  operating 
diode  mixer  PSDs  in  the  saturated  region,  i.e.  with  input  power  levels 
greater  than  a  few  m?/s,  for  which  the  variation  in  output  voltage 
with  input  power  is  small.  The  variation  of  PSD  output  power  with 
the  input  signal  level  is  described  further  in  section  4*2.11. 
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The  effect  of  the  PLL  on  the  IK  noise  characteristics  of  the  VCG  can 
be  obtained  from  the  following  simple  argument  <, 


If  initially  the  case  of  a  *  quiet  '  VCO  and  a  locking  signal  accom¬ 
panied  by  IK  noise  is  considered,  it  would  be  expected  that  each  com¬ 
ponent  of  the  input  noise  spectrum,  at  frequency  f  from  the  centre 
frequency,  will  modulate  the  VCO  such  that  the  input  and  output  com¬ 
ponents  of  the  noise  at  modulating  frequency  f  ,  will  be  related  by 
the  loop  transfer  function,  i.e.  slowly  varying  components  of  the 
noise  will  be  reproduced  on  the  VCO  output,  whilst  high  frequency 
components  of  the  noise  will  be  outside  the  loop  bandwidth  and  will 
only  appear  in  attenuated  form. 


If  the  same  noise  spectrum  is  now  considered  to  be  present  on  the 
VCO  output,  with  the  locking  signal  now  •  quiet  ',  it  may  be  seen 
that  without  feedback  around  the  loop  the  same  magnitude  of  output 
voltage  as  before  will  be  obtained  from  the  PSD.  However,  when  the 
loop  is  closed  it  may  be  considered  in  a  simple  approximation  that 
this  voltage  will  produce  VCO  modulation  that  will  cancel  (  since 
the  loop  has  negative  feedback  )  the  original  components  of  the 
noise  signal.  The  degree  of  cancellation  is  then  given  by  the  error 
function  of  the  loop,  which  for  s  linear  phase  detector  is 

*.w 

■■  r  1  tt  1  ■  ■  ■•  *— 

$,(«)  «*  8  KF(s) 

ignoring  loop  delay.  The  form  of  this  is  shown  in  Pig.  4»23,  fro® 
whieh  it  would  be  expected  that  nearly  complete  cancellation  of  the 
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Locked  Oscillator 


gpgy,  ^f*^f*?* 


FM  noise  will  occur  for  the  slowly  varying  components,  whilst  those 


at  modulation  frequencies>  uj^  will  be  unaffected  by  the  loop. 


The  form  of  the  relationship  between  FM  noise  sideband  power  level 
and  the  1  modulation  '  frequency  will  thus  be  similar  to  that  shown 
in  Fig.  4«24.  At  frequencies  close  to  the  carrier  the  FM  noise 
level  will  closely  follow  that  of  the  reference  source,  whilst  for 
frequencies  greater  than  GJn  the  noise  level  will  be  essentially  that 
of  the  unlocked  oscillator.  This  result  is  similar  to  that  obtained 
for  injection  locking,  as  described  by  Eon.  4.26. 


Additional  Sources  of  Noise  within  the  Loot 


As  described  above,  in  the  absence  of  additional  sources  of  noise, 
the  VCO  will  take  on  the  FM  noise  characteristics  of  the  locking 
source  close  to  the  carrier.  Noise  voltages  introduced  within  the 
loop  by  practical  PSDs  and  loop  amplifiers  will  however  produce  an 
additional  frequency  modulation  on  the  VCO  output.  Resulting  from 
the  loop  negative  feedback,  any  noise  voltage  introduced  by  the  PSD 
or  loop  amplifier  appearing  at  the  VCO  frequency  control  terminal 
will  produce  a  phase  error  on  the  output,  with  sign  and  amplitude 
that  will  restore  the  voltage  applied  to  the  VCO  to  the  original 
level  required  to  maintain  lock.  If  the  noise  voltage  referred  to 
the  PSD  output  is  +  6u^,  from  Eqn.  4«31  the  additional  phase  error' 
produced  on  the  VCO  output,  within  the  PSD  linear  range  will  be 


The  FM  noise  output  of  the  VCO  may  thus  be  greater  than  that  predicted 
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from  the  above  argument,  however,  it  may  be  noted  that  the  addition¬ 
al  FI.!  noise  so  produced  on  the  individual  outputs  of  an  array  of 
locked  oscillators  will  not  be  correlated,  and  as  discussed  in  Chapter 
5,  will  not  therefore  be  transmitted  with  the  full  gain  of  the  array. 

A  more  detailed  analysis  of  the  effect  of  noise  voltages  appearing 
within  the  loop  is  given  by  Blanchard^)  , 


4.2.8  Comparison  of  the  First  and  Second  Order  Loops 


It  was  noted  in  sections  4*2.3  and  4*2.4  that  a  phase  error  introduced 

by  the  FLL  by  detuning  AU)  between  the  locking  signal  and  the  free 

> 

running  frequency  of  the  VCO,  caused  by  temperature  drift,  aging, 
pulsed  VCO  chirp  or  intentional  linear  FM  is  given  by 


To  ensure  low  phase  error  it  is  therefore  desirable  to  use  a  high 
value  of  loop  gain  K  =  K^KgA.  However,  as  shown  in  section  4*2.6, 
the  maximum  value  of  open  loop  unity  gain  frequency  is  limited  in 
practical  loops  in  which  delay  is  present.  If  W is  the  angular 

II 

frequency  giving  180°  phase  shift  around  the  loop,  the  maximum  value 
of  K  for  stable  operation  with  the  first  order  loop  is  given  by 


K  =  u) 
It 


.4.132 


It  may  be  noted,  refering  to  its  introduction  at  Eqr..  4*34»  that 

the  dimensions  of  IC  are  sec"’"'.  Similarly  for  the  second  order  loop 
1 

we  have,  when  —  <  oj 

x„  n 
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0) 

It 


4.133 


giving 


2 


4.134 


and  since  we  may  choose  —  »  1 

T 

2 

it  may  be  seen  that  higher  values  of  K,  and  thus  lower  phase  errors 
may  be  obtained  with  the  second  order  loop. 

Using  the  above  restriction  on  high  frequency  loop  gain  it  may  be 

seen  that  the  capture  range  for  both  first  and  second  order  loops 

is  limited  to  a  maximum  of  uj 

It 

The  acquisition  time,  being  the  time  required  to  ensure  that  the  VCO 
is  within  a  few  degrees  of  the  steady  state  value  for  the  great 
majority  of  initial  phases  is  given,  for  the  first  order  loop  by 

10 

t  =  — 

K 


and  for  the  second  order  loop  by 


10 

t  =  — — 
u> 

n 


where  wn»  the  loop  natural  resonant  frequency,  was  defined  in 
Eqn.  4«97* 


Acquisition  times  short  compared  with  the  pulse  lengths  typically 
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used  in  active  array  radar  (  1  -  20jis  )  may  be  achieved  for  both 
first  and  second  order  loops  in  practice,  and  since  phase  errors 
are  significantly  less  for  the  latter,  the  second  order  loop  is  to 
be  preferred. 

\7here  it  is  desired  to  modulate  the  transmitted  pulse  for  the 
application  of  pulse  compression  techniques,  linear  17.1  appears  to 
be  the  most  suitable  modulation  since  the  high  loop  gain  will  ensure 
low  variation  of  phase  error  through  the  pulse;  a  phase  shift  keyed 
modulation  will  be  distorted  by  the  loop  transient  at  each  phase  dis¬ 
continuity. 

> 

Summarizing  the  relative  performance  of  the  second  order  ELL  with 
that  of  injection  locking,  it  was  previously  shown  that  a  large  lock¬ 
ing  range,  and  thus  low  phase  errors  were  only  obtainable  with  inject 
ion  locking  at  the  expense  of  locking  gain;  several  stages  of  inject 
ion  locked  amplification  may,  in  practice  ,  be  required.  The  ELL 
offers  potentially  high  gain  within  a  single  stage  since  the  locking 
range  is  not  directly  related  to  locking  gain  when  a  saturated  PSD 
is  used.  Furthermore  particularly  low  values  of  phase  error  may  be 
achieved  with  the  second  order  loop. 

The  relative  performance  that  can  be  obtained  from  injection  locking, 
the  first  order  and  the  second  order  FLL  is  illustrated  by  the  follow 
ing  example.  A  voltage  controlled  oscillator  of  similar  character¬ 
istics  to  that  used  experimentally  (  a  varactor  tuned  Gunn  oscillator 
is  considered,  with  » 

free  running  frequency  =  10GHz 

locking  Q  factor  -  100 

tuning  sensitivity  Kg  *  27t.lO^  rads/v.s 
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A  PfH)  operated  in  the  saturated  region  is  assumed  with  typical  gain 
of  0.3  v/rad.  The  internal  delay  of  a  typical  loop  amplifier  is 


assumed  to  he  4ns. 

Table  4.1  shows  the  locking  characteristics  for  the  three  cases 
(  given  for  convenience  in  terms  of  frequency  (  Hz  )  )  assuming  » 

(a)  a  minimum  locking  gain  of  10dH  is  required  when  the 
oscillator  is  injection  locked,  yielding  a  locking 
range  from  Eqn.  4.3  of  1.98  x  lOSrad/s. 

(b)  the  amplifier  gain  in  the  case  of  the  phase  locked 
loop  is  taken  as  the  maximum  value  determined  by  Bqns. 
4.132  and  4.134*  In  practice  this  would  be  reduced 
by  a  safety  margin  to  ensure  stability. 

(c)  the  FLL  acquisition  times  are  the  approximate  values 
obtained  ignoring  loop  delay. 


» 


W. 


Phase  Error  Comparison 

It  may  be  seen  from  the  table  that  for  either  injection  locking  or 
the  1st  order  loop,  close  control  of  the  detuning  will  be  required 
to  constrain  the  phase  error  in  the  presence  of  temperature  change, 
frequency  chirp  etc.  Temperature  drift  of  the  free  running  frequency 
alone  (  typically  0.5  I.!Hz/0C  for  the  oscillator  under  consideration) 
may  produce  serious  phase  error,  although  it  must  be  noted  that  it 
is  the  differential  phase  error  between  array  antenna  elements  that 
is  of  importance;  temperature  drift  will  tend  to  produce  similar 
phase  errors  in  all  elements.  Hie  second  order  loop  produces  sign¬ 
ificantly  lower  phase  error  for  a  given  detuning  and  restrictions 
on  drift  of  the  free  running  frequency  will  thus  be  considerably 
less  severe.  Similarly  the  within-pulse  variation  of  phase  error 
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LOCKING  RANGE 


ACQUISITION  TIME 


MAX.  DETUNING 
FOR  jtpj  <  10° 


PHASE  ERROR 
VARIATION 
WITHIN  5«H2 
CHIRP  OR  LINEAR  FM 
(LINEAR  PSD  ) 


FIRST 

ORDER 

PLL 


62.5MHz 


CAPTURE  RANGE  ACOe  62.5MHz 
2TT 


SYNCHRONISATION  AU)S  125MHz 
RANGE  2rf 


25.6ns 


10.8MHz 


AKP/FILTER 
VOLTAGE  . 

GAIN  T 


EJECTION 

LOCKING 

P*  -  lOdB 
Pin 

SEC  COT) 

ORDER 

PLL 

31.5MHz 

625MHz 

31.5MHz 

^ 62.5MHz 

63MHz 

1250MHz 

5ns 

63.6ns 

(estimate) 

-  5.46MHz 

-  108MHz 

' 

9.1° 

O.460 

AMP/FILTER 


1MHz  10MHz 


Table  <1.1  Comoarison  of  Locking  3ehavicur  of  Injection  Lockin 


and  First  and  Second  Order  PLLs 


As  previously  described  in  section  4*1 »  injection  locking  acquisition 
times  are  significantly  less  than  that  predicted  by  simple  theory 
based  on  the  transient  solution  to  Eqn.  4*1*  An  estimated  acquisit¬ 
ion  time  equal  to  the  inverse  of  the  looking  range  Ao^is  given  in 
the  table.  Hie  acquisition  time  for  the  second  order  loop  is  longer 
than  that  for  the  first  order,  but  this  represents  the  time  required 
to  establish  a  significantly  lower  phase  error.  The  phase  error  will 
be  reduced  to  that  of  the  first  order  loop  in  a  time  significantly 
less  than  that  shown. 


The  acquisition  time  must  be  short  relative  to  the  pulse  length; 
typically,  acquisition  in  just  under  100ns  will  be  adequate  for  a 
1|is  pulse.  Since  pulse  lengths  used  in  solid  state  radar  are  relat¬ 
ively  long  (  typically  1  -  20|is  )  it  may  be  seen  that  the  acquisition 
performance  in  all  three  cases  is  adequate.  The  effect  of  the  phase 
transient  during  the  acquisition  time  on  the  array  radiated  output 
is  discussed  further  in  Chapter  5« 
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1^2  The  Heterodyne  Loot 


A  configuration  of  the  FLL  of  particular  interest  for  subsequent 
active  element  design  is  shown  in  Pig.  4.25.  The  sample  of  the  VCO 
output  is  here  heterodyned  to  a  lower  frequency  before  being  applied 
to  the  PSD,  such  that  lock  is  achieved  when  the  downconverted  signal 
and  locking  signal  applied  to  the  PSD  are  of  the  same  frequency. 

The  VCO  may  thus  be  synchronised  to  either  the  sum  or  difference  of 
the  input  frequencies,  although  in  practice  care  is  taken  to  ensure 
that  the  VCO  can  lock  to  only  one  of  these  to  avoid  ambiguity  (  for 
instance  by  restricting  the  VCO  tuning  range  ). 


The  equivalence  of  the  operation  of  the  heterodyne  loop  with  that 
of  the  simpler  loop  previously  considered  is  simply  demonstrated  in 
the  following.  The  signal  obtained  at  the  output  of  the  bandpass 
filter  centred  on  the  angular  frequency  (u^  -  0^)  following  the 
downconverting  mixer  is' 


^(t)  =  V4sinj(w2  -U>3)t  +  vf>2  -<P3j 


.4.135 


Hie  output  of  the  PSD  to  which  this  signal  is  applied,  along  with 
the  second  locking  signal 


v,Xt)  ■  V^cos(co^t  + 


is  given  by 


u^t)  =  KjSin  [(w2  -w3  -u>5)t  +iP2  -v{>3  -vp5j  . 4.136 


where  K,  is  the  PSD  gain  in  v/rad.  If  the  loop  filter  impulse 
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Bandpass 
Filter  to  Reject 
Upper  Sideband 


■Anp/filter 
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■4=V4sin  (u2-0^)t+*p2 

vij=cos(a^t+<4_) 
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response  is  f(t)  we  have,  in  line  with  the  previous  analysis 


u2(t)  =  ^(t)  *  f(t) 


>?«•••»• 


4.137 


and  also 


ayt) 

dt 


*2*2 


.4.138 


Eqns.  4.136,  4.137  and  4.138  are  similar,  however,  to  those  obtained 
from  the  circuit  of  Fig.  4.26  containing  a  conventional  ELL.  For 
this  circuit  the  signal  v^(t)  applied  to  the  PSD  is 


v1(t)  -  71sinj(u)3  +u>5)t  +4>3  +ip5j 


.4.139 


and  the  phase  detector  output  is 


u^t)  *  KjSin  J(co2  -Wj  -0^)t  +  4>2  -tp3  -vp5  j 


.4.140 


assuming  the  same  PSD  sensitivity  . 
As  before  we  have 

u2(t)  «=  u^t)  *  f(t) 

and 


cNL 

--  -  •*« 


.4.141 


.4.142 


Since  the  circuits  of  Figs.  4.25  and  4*26  are  described  by  the  same 
equations,  their  performance  will  be  equivalent,  and  thus  the  theory 
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previously  derived  for  the  conventional  ELL  may  also  he  applied  to 
the  heterodyne  loop. 

The  attraction  of  the  heterodyne  loop  results  from  the  fact  that 
the  VCO  output  phase  is  determined  hy  the  phase  o:'  both  input  signals, 
irrespective  of  their  frequencies.  If  0)^  is  c  \acrowave  and  an 
intermediate  frequency,  the  phase  of  the  microwave  output  may  there¬ 
fore  he  simply  controlled  via  the  intermediate  frequency  input. 

This  feature  is  used  in  subsequent  active  element  designs  to  avoid 
the  conventional  microwave  phase  shifter,  which  often  represents  a 
large  part  of  the  element  cost. 

> 

It  may  be  noted  that  for  VCO  synchronisation  to  the  sum  of  the  input 
frequencies,  a  phase  shift  +4)  on  the  i.f.  input  will  produce  a  shift 
•\  on  the  VCO  output.  However,  with  synchronisation  to  the  difference 
frequency  a  sign  change  will  be  introduced  in  the  downconversion  of 
the  feedback  signal,  resulting  in  an  output  phase  change  - for  an 
input  shift  of  +tp . 

Several  factors  influence  the  choice  of  value  of  intermediate  frequ¬ 
ency  Wcj  "be  used  in  conjunction  with  the  heterodyne  loop. 

1)  As  mentioned  above, the  heterodyne  loop  (HFLL)  allows  phase  shift¬ 
ing  of  the  microwave  output  to  be  achieved  via  an  i.f.  phase  shifter 
placed  in  the  i.f,  input  to  the  loop.  However  even  at  i.f.,  phase 
shifter  and  distribution  network  design  and  construction  are  simplif¬ 
ied  at  lower  frequencies.  In  this  respect  a  low  i.f.  is  therefore 
preferable. 

2)  The  heterodyne  loop  may  theoretically  be  locked  with  an  output 
frequency  equal  to  either  the  sum  or  difference  of  the  input 
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frequencies.  To  avoid  ambiguity  it  will  therefore  be  necessary  to 
constrain  the  timing  range  of  the  VCO  in  practice  to  ensure  that 
lock  to  only  one  of  these  frequencies  is  possible.  A  value  of  i.f, 
oust  therefore  be  chosen  that  will  give  sufficient  separation  of 
the  sum  and  difference  frequencies  for  this  to  be  achieved. 

3)  Practical  mixer  PSDs  inevitably  have  some  degree  of  leakage  of 
the  input  frequencies  present  on  the  output.  In  order  to  avoid 
modulating  the  VCO  output  at  the  i.f.  frequency,  a  value  of  i.f. 
outside  the  pass-band  of  practical  loop  amplifiers  and  filters  will 
therefore  be  chosen. 

In  practice  the  constraints  given  by  2}  and  3)  above  result  in  a 
choice  of  i.f.  of  the  order  of  lOOKHz.  In  the  experimental  work 
subsequently  described  using  HPLLs,  an  i.f.  of  60MHZ  was  generally 
employed  since  particularly  large  loop  bandwidths  were  not  used. 

Finally  in  this  section  it  must  be  noted  that  for  stable  operation, 
care  must  be  taken  to  avoid  the  introduction  of  extra  delay  around 
the  loop  with  the  additional  downconversion  of  the  HPLL. 

4.2.10  Phase  Locked  loop  Components 

A  brief  discussion  is  given  of  some  of  the  characteristics  and 
limitations  of  practical  VCOs  and  PSDs. 

Voltage  Controlled  Oscillators 

With  the  exception  of  magnetic  tuning  e.g.  YIG  tuned  oscillators 
for  which  tuning  rates  are  low  (  typically  modulation  frequencies 
only  up  to  1MHz  are  used  )  electronic  tuning  of  solid  state  sources 
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is  usually  achieved  with  varactors.  The  varactor  introduces  a 
variable  reactance  into  the  source  resonant  circuit,  producing 
electronic  control  of  the  resonant  frequency.  An  approximate 
equivalent  circuit  for  a  diode  oscillator  is  given  in  Fig.  4.27. 

The  tuning  bandwidth  that  may  be  obtained  depends  upon  the  maximum 
change  in  varactor  capacitance  with  voltage,  the  degree  of  coupling 


between  the  varactor  and  the  cavity,  and  the  loaded  Q  factor,  v^, 
of  the  cavity.  An  approximate  expression  for  the  tuning  range  is (^3) 


(C,  -  C.JV^tf2 

Af  -  — tel — 


.4.143 


Af  is  the 

c, 

jmax 

is 

°a. 

is 

V 

is 

f 

is 

is 

PT 

is 

circuit  elements. 


To  obtain  a  large  tuning  range  for  the  FLL  application,  it  would 
therefore  be  expected  that  a  varactor  with  large  capacitance  varia¬ 
tion  and  low  loss,  tightly  coupled  to  the  cavity  to  increase  V,  and 
a  low  cavity  would  be  used.  Ir,  practice,  however,  there  are 
several  restrictions  i 

(a)  one  of  the  reasons  for  requiring  a  large  H.L  locking 
range  is  that  practical  solid  state  oscillators  are  subject  to  drift 
of  the  free  running  frequency.  The  magnitude  of  the  drift  is  , 
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however,  inversely  related  to  the  of  the  oscillator  cavity  and 
thus  there  is  little  to  be  gained  by  reducing  this  quantity.  .  In 
fact  if  an  adequate  PLL  locking  range  can  be  achieved,  it  is  prefer¬ 
able  to  use  a  high  3^  to  reduce  drift  and  chirp. 

(b)  under  higher  power  operation  (  e.g.  tens  of  Watts  ) 
the  HP  voltage  swing  at  the  varactor  can  cause  large  rectified  currents 
to  flow  at  zero  bias.  The  range  of  bias  voltage  and  hence  the  tuning 
range  is  therefore  restricted  at  higher  power  levels. 

At  low  power  (  e.g.  less  than  a  few  hundred  mWs.  )  tuning  bandwidths 

of  10$  may  be  readily  obtained.  At  higher  power  tuning  ranges  of 

> 

some  tens  of  MHz  has  been  quoted  for  a  10W  pulsed  Gunn  source. 
Transistor  sources  in  which  the  resonant  circuit  voltage  is  less  than 
that  of  the  output  may  be  expected  to  provide  higher  tuning  ranges 
for  higher  power  operation. 

The  variation  in  the  VCO  frequency  is  approximately  proportional  to 
the  square  root  of  the  bias  voltage.  The  VCO  tuning  sensitivity 
previously  considered  to  be  linear  in  the  PLL  analysis  is  therefore 
non-linear  in  this  case.  However,  when  the  loop  bandwidth,  given, 
by  the  capture  range,  is  3mall  in  comparison  to  the  VCO  tuning  range 
the  deviation  from  linearity  within  this  bandwidth  is  small  over 
most  of  the  tuning  characteristic. 


One  other  characteristic  to  be  mentioned  regarding  practical  VCOs 
is  '  post  tuning  drift  ' ,  which  is  a  relatively  slow  drift  in 
frequency  of  an  unlocked  VCO  after  the  application  of  a  sudden  volt¬ 
age  step  to  the  varactor.  Typically  the  post  tuning  drift  extends 
up  to  several  ms  after  the  application  of  the  tuning  voltage  before 
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for  this  effect  is  a  thermal  one^^j  a  significant  retuning  of 
the  oscillator  to  a  frequency  producing  a  different  oscillator  output 
power  will  change  the  thermal  dissipation  in  both  the  oscillator 
generating  diode  or  transistor  and  the  varactor.  The  frequency  thus 
subsequently  changes  until  a  thermal  equilibrium  is  re-established. 


Post  tuning  drift  has  not  been  considered  in  the  previous  transient 

analysis  of  PLL  behaviour  since  the  thermally  induced  frequency  change 

of  a  pulsed  oscillator  has  been  already  described  in  the  context  of 

chirp,  and  within-pulse  frequency  changes  that  may  be  applied  for 

pulse  compression  are  not  in  practice  sufficiently  great  to  markedly 

> 

alter  the  thermal  dissipation. 


Phase  Sensitive  Detectors 


Fig.  4*28  shows  a  quoted'^3'  DC  output  voltage  against  relative 
phase  for  a  double-balanced  mixer  PSD  with  both  input  signal  levels 
equal  to  5“W.  As  previously  noted  the  output  voltage  is  zero  when 
the  input  signals  are  in  quadrature.  The  slope  of  the  characteristic 
w.thin  the  1  linear  region  ’  (  i.e.  90  -  30°  )  is 


150mV  360 


30  2 It 


0.286  V/rad 


The  DC  offset  voltage,  which  is  simply  due  to  rectification  and  is 
not  dependent  on  phase,  is  quoted  as  ImV.  This  offset,  the  magnitude 
of  which  is  related  to  the  input  powers,  produces  a  constant  frequency 
offset  on  the  VC0  which  can  subsequently  result  in  a  fixed  phase  error 
on  the  output.  However  it  was  previously  ncaed  that  the  tuning  rsuige 
of  practical  VCOs  is  not  linear,  and  it  will  be  necessary  in  practice 
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to  apply  a  standing  voltage  to  the  varactor  of  the  VCO  to  bias  it 
into  a  linear  part  of  its  tuning  range.  The  standing  varactor 
voltage  will  then  determine  the  desired  free-running  frequency.  The 
offset  voltage  of  practical  PSDs  may  therefore  be  included  in  the 
standing  bias  voltage. 


PSDs  are  normally  operated  with  input  powers  sufficient  to  drive  the 
mixer  into  the  •  saturated  •  region.  This  provides  a  relatively 
high  value  for  and  also  provides  some  rejection  of  AM  -  PM  noise 
conversion.  The  variation  of  with  power  of  one  input,  with  the 
other  fixed  at  5mW,  is  shown  in  Fig.  4.29.  The  PSD  gain-  is  shown 
normalised  to  that  obtained  with  both  Input  powers  at  This 

characteristic  was  obtained  experimentally  from  a  type  EIQ6A  X  band 
mixer  (  Lorch  Devices  Inc.  )  at  10.4GHz.  It  may  be  seen  that  with 
both  input  powers  -'■'5mW, there  is  little  variation  of  for  small 
changes  of  input  level.  It  is  therefore  advisable  to  operate  the 
PSD  at  this  power  level. 


4.2.11  Experimental  Results 


Experiments  were  conducted  with  the  aim  of  demonstrating  the  applic¬ 
ation  of  the  theory  to  the  synchronisation  of  practical  microwave 
sources.  In  particular  it  was  desired  to  check  the  validity  of  the 
acquisition  time  approximations,  the  use  of  the  second  order  loop 
to  reduce  phase  error,  and  the  operation  of  the  heterodyne  loop. 
Attention  was  not  given  to  the  provision  of  particularly  large  loop 
bandwidth. 


The  7C0  used  in  the  experiments  was  a  varactor  tuned,  waveguide 
Gunn  oscillator  (  AEI  type  DA8825G  )  designed  for  Cff  operation  and 
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producing  l50mW  CW  at  10.5GHz.  The  CW  electronic  tuning  range  was 
approximately  1 30MHz  for  a  varactor  bias  voltage  range  of  1.5  -  20V. 
The  tuning  characteristic  for  one  oscillator  is  shown  in  Pig.  4»30. 

A  heterodyne  FLL  was  set  up  as  shown  in  Pig.  4.31  with  locking  signal 

frequencies  chosen  to  allow  synchronisation  of  the  VCO  to  the  sum 

frequency.  Following  the  PSD  a  wideband  operational  amplifier  (  type 

SL  541 C  )  was  vised  to  provide  both  amplification  and  filtering;  the 

figure  shows  an  amplifier  configuration  producing  a  second  order  loop. 

To  avoid  the  more  severe  tuning  non-linearity  at  low  values  of  varactor 

bias  voltage  a  fixed  offset  voltage  of  ~ 6V  was  applied  to  the  varactor 

> 

about  which  the  loop  feedback  voltage  would  vary.  With  an  offset 
voltage  applied,  approximately  linear  tuning  of  8MHz/v  was  obtained 
over  some  tens  of  MHz.  For  CW  operation  advantage  was  taken  of  the 
high  input  impedance  of  the  varactor  IMS?  )  and  the  low  output 

impedance  (  ~  several  ft  s  )  of  the  amplifier  to  avoid  a  3X3  level 
shifting  circuit.  (  Ideally  the  operational  amplifier  would  be  used 
to  provide  a  1X3  level  shift  but  the  output  voltage  swing  of  the 
SL541C  was  insufficient  for  this  purpose.  )  With  R^  little  of 
the  amplifier  output  voltage  is  dropped  across  R^  *  with  R^  »  Rq, 
where  Rq  is  the  amplifier  output  impedance,  little  of  the  offset 
voltage  appears  at  the  amplifier  output.  For  pulsed  operation  the 
amplifier  may  simply  be  capacitively  coupled  to  the  varactor. 

Initial  experiments  were  confined  to  CW  operation  of  the  VCO.  With 
Rj  and  C^  removed,  R^  and  R^  were  chosen  to  provide  an  amplifier 
voltage  gain  of  10,  resulting  in  a  first  order  loop.  The  VCO  was 
locked  to  the  sum  of  input  frequencies  1 0.380Hz  and  100MHz.  The 
locking  range  was  measured  to  be  7H5zt  in  agreement  with  that 


Fig.  4.31  Experimental  Heterodyne  Fhabe-Locked  Loop 
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predicted  theoretically  from  Eqn.  4*47  (  7 ♦  PhIHz.  )  using  a  measured 
PSD  gain  =  0.1  v/rad  and  taking  the  combined  voltage  gain  of  the 
amplifier  and  offset  circuit  as  x  9«  Increasing  the  amplifier  gain, 
locking  ranges  (  i.e.  half  the  synchronisation  range  )  up  to  20MHz 
were  obtained  before  loop  instability  at  22!IHz  occurred.  The  instab¬ 
ility  frequency  due  to  delay  alone  (  estimated  to  be  6ns  i  r  the 
SL541C  amplifier  and  2ns  for  the  loop  length  )  was  31 MHz  ;  the  addit¬ 
ional  phase  shift  producing  the  lower  instability  frequency  was  found 
on  investigation  to  be  introduced  by  high  frequency  gain  roll-off 
in  the  SL541C  amplifier  and  the  varactor  feed.  Since  large  loop 
bandwidths  were  not  required  for  the  demonstration  of  the  basic  loop 
behaviour,  the  amplifier  gain  was  simply  reduced  to  keep  the  loop 
bandwidth  less  than  10MHz  for  subsequent  experiments.  Under  this 
condition  the  open  loop  gain  was  reduced  below  unity  at  a  frequency 
significantly  less  than  that  at  which  the-  gain  roll-off  commenced. 

The  loop  behaviour  would  then  be  expected  to  be  similar  to  that  of 
the  first  or  second  order  loop  with  ideal  amplifier. 

Bie  acquisition  behaviour  of  the  first  order  loop  was  measured  using 
the  arrangement  shown  in  Fig.  4.32  in  which  the  output  of  the  locked 
YCO  is  compared  in  a  further  PSD  with  a  CW  signal  derived  from  the 
locking  signals  via  a  single-sideband  modulator.  For  pulsed  operat¬ 
ion  the  VCO  was  re tuned  to  10.6GHz,  at  which  frequency  the  same 
tuning  sensitivity  as  previously  used  (  8MHz/v  )  was  obtained.  The 
output  of  the  PSD  comparing  the  C V/  reference  signal  with  the  pulsed 
VCO  output  is  shown  in  Fig.  4.33.  The  initial  shift  in  DC  level  due 
to  rectification  of  the  VCO  pulse  is  followed  by  many  superimposed 
transients  corresponding  to  random  initial  phase  conditions.  It  may 
be  seen  that  most  transients  are  over  in  100ns  although  a  few,  not 
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evident  in  the  photograph,  extend  to  200ns.  This  is  in  agreement 

10 

with  the  approximation  —  which  in  this  case,  for  a  locking  range 
of  4.7  x  I0^rad/s  (  7»5£iHz  )  gives 
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The  deviations  in  the  phase  once  lock  has  been  achieved  are  due  to 
ringing  of  the  Gunn  diode  pulsed  supply  and  chirp. 

The  loop  PSD  output  may  also  be  used  to  indicate  the  capture  transient 
and  phase  error  of  the  VCO.  When  the  PSD  output  voltage  is  zero 
there  is  no  phase  error  between  the  input  and  output  which  as  previously 
defined  implies  the  PSD  inputs  are,  in  fact,  in  phase  quadrature. 

At  the  voltage  extremities  a  -  $ 0 0  phase  error  exists. 

Pig.  4.34(a)  shows,  in  the  upper  trace,  the  PSD  output  voltage  (  many 
superimposed  transients  )  for  a  pulsed  first  order  loop  with  locking 
range  3.8  x  lO^rad/s  (  6MHz  ).  The  lower  trace  shows,  as  a  time  ref¬ 
erence,  the  pulsed  bias  supply  to  the  Gunn  diode. 

To  best  illustrate  the  effect  of  phase  errors,  the  detuning  was  set 
to  give  a  locking  signal  frequency  at  the  edge  of  the  locking  range, 
i.e.  Acj£*6MHz.  It  may  be  seen  that  the  loop  initially  locks  with 
a  large  phase  error  90°  in  200ns;  subsequently  chirp  reduces 
the  detuning  and  thus  also  the  phase  error  during  the  pulse. 
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Pig.  4.34(h)  shows  the  PSD  output  voltage  for  a  pulsed  second  order 
loop  operated  within  the  capture  range  with 
H,  -  100ft 
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The  initial  detuning  was  again  sot  at  the  edge  of  the  capture  range 
to  clearly  show  the  phase  error  transient.  It  may  be  seei.  that  after 
a  brief  initial  period  in  which  the  capture  transient  resembles  that 
of  a  first  order  loop  with  a  large  phase  error,  the  phase  error  rap¬ 
idly  drops  to  a  low  level.  The  slight  slope  on  the  trace,  once  a 
low  phase  error  has  been  achieved,  is  due  to  coupling  between  the 
two  oscilloscope  inputs  a.r-  may  be  seen  by  comparing  the  trace  levels 
before  and  after  the  pulse  when  there  is  no  PSD  output.  The  theor¬ 
etical  approximate  acquisition  time  for  this  case  is  ^  0.7}j.s  to  ensure 
capture,  with  most  transients  over  in< 350ns.  Ibis  may  be  seen  to 
agree  with  the  observed  transients. 


To  show  more  clearly  the  reduction  of  phase  error  with  tine  of  the 
second  order  loop,  above  wa3  changed  to  lOOOpF.  The  reduction  of 
phase  error  from  the  original  high  value  at  the  start  of  the  pulse 


is  now  clearly  seen,  although  in  practice  such  a  slow  transient  would 


10 


be  undesirable.  Ihe'  quantity  —  for  this  case  is  2.1(18.  although 

n 


since  1  (=  2.4  )  this  approximation  is  less  exact  for  this  loop. 


The  acquisition  behaviour  of  first  and  second  order  loops  was  thus 
found  to  be  in  approximate  agreement  with  the  theoretical  prediction. 
The  photographs  of  Pig.  4.34  clearly  show  the  advantage  of  the  second 
order  loop  over  the  first  order  for  reducing  both  the  absolute  phase 
error  and  the  change  in  phase  error  resulting  from  chirp. 
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Conclusions 


In  view  of  the  length  of  this  chapter,  a  review  of  the  main  features 
in  the  preceeding  analysis  of  injection  locked  oscillators  and  "PLls 
is  given  in  this  section,  in  addition  to  conclusions  on  the  applic¬ 
ability  of  these  techniques  to  active  array  elements. 


4.3.1  Injection  Locked  Sources 


'.Ihe  locking  range  of  an  injection  locked  oscillator,  defined  by  Eqn. 

4*3  as  half  the  range  of  frequency  Aw  over  which  synchronisation  can 

s 

occur,  is  obtained  from  the  differential  equation  Eqn.  4*1  by  apply¬ 
ing  the  conditions 


d<P 

—  «  0  and  -1  sin<P  §r  1 

dt  e 


giving 

Awl  - 


. . * (4-3/ 


Bie  synchronisation  range  is  thus 


...(4.4) 


The  relationship  between  the  steady  state  phase  error  introduced  by 
the  locking  process  and  the  detuning  Au>  between  the  locking  signal 
and  the  free  running  frequency  was  given  by  Eqn.  4*6  as 


(4.6) 
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In  the  region  for  which  phase  errors  are  small,  differentiating  gives 
the  rate  of  change  phase  error  with  detuning  as 


d<P 


1 


d(  Aw)  Aojt 


4.144 


It  was  previously  noted  that  the  phase  error  predicted  from  Eqn.  4.6 

will  have  little  effect  on  the  array  radiation  pattern  if  all  the 

array  elements  exhibit  the  same  phase  error.  There  will,  however, 

inevitably  be  a  spread  in  the  values  of  free-running  frequency  for 

a  practical  array  of  solid  state  sources  due  to  variations  in  the 

device  and  circuit  parameters  and  thus  a  spread  in  the  value  of 

> 

phase  error  introduced  by  the  locked  oscillators.  The  effect  on  the 
radiation  pattern  of  random  deviations  from  the  desired  array  phase 
distribution  is  discussed  in  Chapter  5«  'Prow  Eqn.  4.6»  the  variation 
in  the  phase  error  resulting  from  a  given  spread  in  values  of  detuning 
can  clearly  be  minimised  by  adopting  a  large  value  of  Au)^  for  the 
locked  oscillators.  This  therefore  implies,  with  reference  to  Eqn. 

4.3»  the  use  of  low  locking  gain. 

Taking  the  values  previously  used  in  the  example  presented  in  Table  4.1 » 
i.e.  a  locking  y  of  100,  a  free  running  frequency  of  10GHz  and  lock¬ 
ing  gain  of  10,  Eqn.  4.144  predicts  a  rate  of  change  of  phase  error 
with  detuning  of  1 .8°/MHz«  if  it  is  then  desired  to  restrict  the 
spread  of  phase  error  on  the  array  due  to  the  locked  oscillators  to 
within  -  10°,  the  spread  of  oscillator  detuning  must  not  exceed  - 
This  may  be  difficult  to  achieve  in.  practice.  The  restriction  on 
the  spread  of  detuning  can  be  eased  by  using  lower  oscillator  Q  since 
this  will  yield  a  greater  value  of  A  for  a  given  locking  gain 
but  care  oust  be  taken  when  adopting  this  approach  that  the  variations 
in  detuning  resulting  from  differences  in  chirp  and  frequency  drift 
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with  temperature  are  not  simply  increased  in  proportion. 


The  synchronisation  of  pulsed  injection  locked  oscillators  where 

the  locking  signal  is  present  during  the  build  up  of  oscillations 

in  the  cavity  is  very  rapid,  as  previously  described  in  section  4»1« 

The  acquisition  time  in  this  case  is  estimated  to  be  less  than 

1/Aw  secs. 

L 


In  conclusion  the  attractive  features  of  injection  locking  of 
simplicity,  high  possible  locking  gain,  and  rapid  synchronisation 
when  pulsed,  are  offset  by  the  problem  of  maintaining  the  difference 
in  phase  error  between  elements  within, acceptable  levels.  Typically, 
locking  gains  only  of  the  order  of  lOdB  may  be  used  and  erven  at  this 
level  it  may  be  necessary,  in  practice,  to  adopt  additional  techniques 
to  minimise  the  spread  of  detuning,  such  as  choosing  only  closely 
matched  sources,  temperature  stabilisation  of  the  array  or  the  use 
of  feedback  circuits  as  shown  in  Pigs.  4«4  and  4*5* 


4.3.2  Phase  Locked  Loops 


Despite  the  additional  components  and  apparent  complexity  compared 
with  a  straightforward  circulator  coupled  injection  locked  oscillator, 
the  PLL  offers  several  distinctly  attractive  features.  First  the 
locking  gain  and  the  locking  range  may  be  independently  specified 
for  the  PLI;  high  values  of  locking  gain  can  then  be  achieved  sim¬ 
ultaneously  with  large  cocking  range.  This  cannot  be  achieved  with 
an  injection  locked  oscillator.  Secondly,  access  to  the  components 
in  the  feedback  path  permits  direct  tailoring  of  the  loop  transfer 
function,  providing  in  the  second  order  loop,  a  compromise  between 
the  need,  on  the  one  hand,  to  maintain  low  phase  errors  and  on  the 


other  to  ensure  stability*  Thirdly,  use  of  the  heterodyne  phase- 
look  loop  configuration  provides  a  means  whereby  phase  shifting  of 
the  microwave  output  may  be  achieved  with  only  I.P.  phase  control. 

The  microwave  phase  shifter  conventionally  used  for  electronic 
beam  steering  can  then  be  replaced  with  an  I.P.  type.  The  charact¬ 
eristics  of  first  and  second  order  PLLs  are  reviewed  in  the  following. 


The  Pirst  Order  Loot 


The  analysis  for  the  first  order  loop  followed  a  similar  pattern  to 
that  of  injection  locking.  Hie  locking  range  and  synchronisation 
range  of  the  first  order  loop  were  givdn  in  Eqn.  4*47  as 


Awl  «  K  =  AKjKg 


Au)a  -  2Au>l  -  ILAK^Kg 


....(4.47) 


where  is  the  PSD  gain  in  V/rad,  is  the  VCO  tuning  sensitivity 
in  rad/V.s  and  A  is  the  frequency  independent  voltage  gain  of  an 
ideal  loop  amplifier 

The  relationship  between  detuning  and  Fhase  error  was  obtained  in 
Eqn.  4.48 


-1  /Aw  \ 

=  sin  — 


»(4«4S) 


and  the  equivalent  expression  to  Eqn.  4.144  is  then 


d(Aw)  AKjK,, 


....  4.145 


It  may  be -noticed  immediately  that  neither  the  input  nor  output 
power  appear  directly  in  this  expression,,  '.lith  input  powers  to  the 
PSD  sufficient  to  drive  it  into  the  saturated  region  (~5nY/)  is 
essentially  constant  and  the  locking  gain  of  the  loop  may  then  be 
specified  independently  of  Aio^.  Since  the  locking  signal  power 
required  is  only~5m’.Y  it  is  possible  that  the  reference  power  for 

I 

the  whole  array  may  be  derived  from  a  single  solid  state  source. 


To  minimise  the  variation  in  phase  error  introduced  in  an  array  of 
?LL  elements  for  a  given  variation  in  the  values  of  detuning  it  is 
clear  from  Eqn«  4*48  that  as  for  the  injection  locked  case,  a  large 
value  of  locking  range  Au^  should  be  used.  This  implies,  for  a 
given  K|  and  Kg,  the  use  of  a  large  value  of  voltage  gain  A. 
However,  as  shown  in  section  4*2.6,  the  delay  x^  that  will  in¬ 
evitably  exist  in  practical  loops  limits  the  amount  of  gain  that 
may.  be  included  in  the  loop  without  instability.  Prom  Eqn.  4.121, 
the  open  loop  gain  of  a  first  ord^r  loop  must  be  reduced  to  unity 
at  an  angular  frequency  less  than 


to  «=  —  rad/s 


.(4.121) 


This  is  then  the  maximum  value  of  locking  range  Ato^  for  stable 
operation.  In  practical  xoops  where  the  delay  introduced  by  the 
physical  length  around  the  loop  may  be  neglected,  the  delay  is  pri¬ 
marily  introduced  by  the  loop  amplifier.  Tne  SL541C  amplifier  used 
iri  the  experimental  work  has  a  delay  of  approximately  6ns  for  which 
the  maximum  value  of  locking  range  by  Eqn.  4.121  is  41 .7MH-J.  Oper¬ 
ational  amplifiers  with  delays  down  to  4ns  are  commercially  available, 
and  this  value  of  delay  has  been  used  to  calculate  the  figures  in 
the  example  performance  of  the  first -order  loop  in  Table  4.1 ♦  Taking 
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this  value  of  delay  to  calculate  the  maximum  value  of  AK.K-  , 

12 


Eqn.  4.145  gives  a  rate  of  change  of  phase  error  with  detuning  of 


0»9°/MHz  for  small  phase  error.  If,  as  before,  it  is  desired  to 


restrict  the  variation  of  phase  shift  introduced  by  the  PLLs  to  within 


-  10°,  the  values  of  detuning  are  in  this  case  restricted  to  be  within 


-  11MHz.  Practically  this  may  again  be  difficult  to  achieve  for  10GHz 


oscillators  without  close  control  of  the  array  environment. 


Larger  values  of  locking  range  and  thus  a  greater  permissible  spread 


in  values  of  detuning  may  be  achieved  using  amplifiers  with  lower 


group  delay?  it  is  estimated  that  a  suitable  amplifier  with  delay 


down  xo  1  or  2ns  could  be  constructed,  but  it  must  be  noted  that 


the  use  of  such  wideband  amplifiers  can  usually  be  avoided  using  a 


second  order  loop. 


The  effect  producing  the  very  rapid  synchronisation  of  pulsed  inject¬ 


ion  locked  oscillators,  i.e.  the  presence  of  the  locking  signal 


during  the  growth  of  oscillations  in  the  cavit>,  does  not  exist  in 


the  PLL;  the  acquisition  time  for  the  first  order  loop  is  obtained 


from  solution  of  Eqn.  4.45  for  various  initial  phase  conditions. 


The  time  required  for  the  phase  error  to  be  within  a  few  degrees  of 


the  steady  state  value  for  the  gxeat  majority  of  initial  values  of 


phase  error  was  given  by  Eqn.  4.67  as 


AXiK2 


.(4.67) 


The  Second  Order  Loot 


The  second  order  loop  overcomes  the  first  order  loop  restriction 


tm: 


n.  ,;.r  ■  i 


on  locking  range  by  the  use  of  a  loop  filter  response  providing  high 
loo;/  gain  at  lov;  frequencies  to  yield  r.  large  locking  range,  v, -Inlet 
providing  a  reduced  gain  at  high  frequencies  to  maintain  stability. 
It  was  shewn  in  section  4*2,4  that  only  one  of  the  filter  transfer 
functions  giving  rise  to  a  second  order  loop  need  be  considered  in 
practice*  this  is  the  lag/lead  transfer  function 


1  +  arc. 


1  +  ST„ 


The  locking  and  synchronisation  range  of  the  second  order  loop  were 


given  by  Eqn,  4«31  and  4,82 


AwL  "  K  “  W2 


...(4.81 ) 


Awa  «  2K  =  2AjK,K^ 


..,(4.82) 


These  are  clearly  of  the  same  form  as  those  for  the  first  order  loop, 
but  the  voltage  gain  now  used  is  that  existing  at  low  frequencies. 
The  phas°  error  versus  detuning  relation  is  similarly 


.  -i  /  Aw  \ 

<P  »  sir.  -  I 

ViV 


...(4.80) 


and  the  rate  of  change  of  phase  error  with  detuning  is  now 


for  small  errors. 


.4.146 


The  examples  given  in  Table  4*1  serve  well  to  show  the  advantage 
of  the  second  order  loop  over  the  first  order,,  In  the  example,  the 
high  frequency  loop  gain  in  both  cases  is  taken  to  be  the  maximum 
stable  value  with  an  amplifier  of  4ns  delay.  The  low  frequency  gain 
for  the  second  order  loop  is  however  ten  times  greater  here  than  the 
first  order,  yielding  by  Eqn.  4*146  a  rate  of  change  of  phase  error 
with  detuning  of  0.09°/MHz  for  low  phase  errors  i.e.  one  tenth  of 
that  for  the  first  order  loop.  The  criterion  of  maintaining  the 
variation  of  phase  error  to  within  -  10  now  yields  a  maximum  per¬ 
missible  frequency  variation  of  -  110MHz,  which  should  be  easily 
achieved. 

> 

Hie  acquisition  time  of  the  second  order  loop  for  damping  coefficients 
of  the  order  of  unity  was  given  by  Eqn.  4*103  as 

(4*103) 

where  is  the  loop  natural  resonant  frequency  given  in  Eqn.  4*97. 
From  the  example  in  Table  4*1  and  the  experimental  results, it  may 
be  seen  that  acquisition  times  short  compared  to  the  1  -  20|is  pulse 
lengths  typically  used  in  active  arrays, may  be  readily  obtained 
with  practically  realizable  loop  bandwidths. 

In  conclusion  the  PLL  has  the  advantage  of  offering  a  locking  gain 
that  is  not  directly  related  to  locking  range.  Although  more 
components  are  required  in  the  PLL  than  in  an  injection  locked  oscill¬ 
ator,  the  high  potential  gain  may  enable  one  PLL  '  stage  *  to  replace 
several  3tages  of  injection  locked  gain.  The  second  order  PLL  can 
provide  low  values  of  phase  error  despite  the  limitation  on  loop 
bandwidth  imposed  by  the  delay  that  is  present  in  practical  loops. 
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GENERAL  ASPECTS  OF  ANTENNAS  INFLUENCING  ACTIVE  ARRAY  ELEMENT 
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5.0  Introduction 


Several  general  aspects  of  active  array  antennas  relating  to  side- 
lobe  level  control,  the  effect  of  element  random  errors,  and  array 
receiving  signal  to  noise  ratios  f or  various  array  configurations 
are  discussed  in  this  chapter.  Since  the  results  and  techniques 
described  are  mainly  well  established,  the  discussion  aim3  princip¬ 
ally  to  present  a  review  of  some  of  the  antenna  considerations 
influencing  active  array  design. 


5.1  Techniques  for  Sidelobe  Level  Control  in  Active  Array 

> 

Antennas 


Control  of  radiation  pattern  sidelobe  levels  is  of  particular 
importance  for  radar  antennas.  A  low  sidelobe  level  is  desirable 
to  minimise  the  illumination  of  targets  in,  and  the  reception  of 
target  returns  from,  directions  outside  the  radiation  pattern 
main  beam;  radar  echoes  received  via  the  sidelobes  will  appear 
as  false  targets.  A  low  sidelobe  let  el  is  also  desirable  to 
minimise  the  reception  of  interfering  signals,  particularly 
deliberate  1  jamming  ’  signals,  via  the  sidelobes.  Since  the 
power  of  radar  returns  varies  as  the  inverse  fourth  power  of 
target  range,  whilst  jamming  signals  suffer  only  inverse  square 
law  attenuation,  jamming  signals  are  often  received  at  a  suffic¬ 
iently  h-gh  power  level  that  the  detection  of  targets  can  bo 
severely  restricted  or  completely  prohibited  when  the  jamming 
source  is  within  the  radiation  pattern  .tain  beam.  Although  little 
can  be  done  tc  counter  the  loss  o*'  sensitivity  in  tr.v  f.-  roc  tier. 

of  the  jammer,  the  reception  of  significant  j  aiming  power  also 
via  the  sidelobes  car.  lead  to  lost  of  sensitivity  in  other 


directions.  A  low  sidelobe  level  is  therefore  desirable  to  effect¬ 
ively  suppress  signals  received  via  the  antenna  sirielobes  with 
respect  to  those  received  via  the  main  beam. 


For  civil  radar  applications  sidelobe  levels  between  -20  and  -30dB 
are  often  acceptable}  for  military  applications  a  lower  level, 
down  to~40dB  or  less,  is  often  desired  to  offset  the  effects  of 
jamming. 


The  design  of  an  antenna  to  produce  a  radiation  pattern  with  a 
specified  maximum  sidelobe  level  is  basically  a  question-  of  ascertain¬ 
ing  the  aperture  amplitude  and  phase  distribution  corresponding  to 
an  acceptable  pattern.  For  a  line  source  (  i.e.  a  continuous  linear 
antenna  )  of  length  a,  the  far-field  electric  field  intensity  EfQ) 
assuming  a  »  A  is  given  by 


p2 

E(0)  =  A(z)expQi2uz3inQ)dz 


where  0  is  the  angle  measured  away  from  broadside  in  the  plane  of 
the  antenna 

z  is  distance  along  the  antenna  with  reference  to  its  centre 
X  is  the  wavelength 

and  A(z)  is  the  excitation  at  distance  z. 

A(z),  the  aperture  distribution,  may  be  complex,  representing  both 
the  amplitude  and  phase  distributions,  i.e. 


A(z)  -  j  A(z)j  «exp(jV(z))  . . 

where  |a(z){  is  the  amplitude  distribution  and  W(z)  is  the  phase 


distribution. 


In  the  case  of  an  array  antenna,  the  far-field  electric  field 
intensity  reduces  to  a  finite  summation  of  the  contributions  from 
the  individual  element  radiators#  For  a  linear  array  of  isotropic 
radiators,  the  far-field  electric  field  intensity  is  given  by 
N-1 

V-  /  2nnd .  sin9\ 

E(0)  =  /  Anexpfj  - - —  I  . 5.3 

n«0  ' 

where  is  the  complex  excitation  of  element  n 

d  is  the  inter-element  spacing  (  assumed  constant  ) 
and  N  is  the  number  of  array  elements. 

> 

It  is  well  known  that  amplitude  distribution  tailoring  can  be  used 
to  provide  siaelobe  level  control  in  both  reflector  and  array  antennas. 
Table  5«1  shows  the  effect  on  the  peak  sidelobe  level  of  half -power 
beamwidth  of  various  amplitude  tapers.  The  application  of  such  tapers 
in  the  case  of  a  reflector  or  passive  array  antenna  is  straightforward  : 
taper  may  be  applied  via  the  feed  radiation  pattern  and  geometry  in 
the  case  of  the  reflector  and  via  a  weighted  power  distribution  net¬ 
work  in  the  case  of  the  passive  array.  For  both  of  these  the  recip¬ 
rocal  nature  of  the  antenna  will  yield  the  same  radiation  pattern 
on  both  transmission  and  reception. 

The  application  of  amplitude  taper  to  active  arrays  calls  for  further 
thought  regarding  the  best  way  in  which  this  may  be  implimented. 

First,  active  array  elements  will  inevitably  contain  non-reciprocal 
devices  or  switches  to  change  the  signal  path  on  transmit  and  receive, 
since  the  element  amplifiers  used  to  generate  the  transmitter  power 
will  be  non  reciprocal.  This  means  that  it  will  be  possible  to  apply 


independent  tapers  on  transmission  and  reception  ;  for  example,  the 
taper  on  reception  could  be  applied  at  IF,  after  do.'.nconversion  to 
IF  within  each  element,,  Secondly,  manufacture  of  an  active  array 
will  be  considerably  simplified  if  identical  elements  can  be  produced, 
rather  than  a  number  of  elements  containing  devices  of  different  out¬ 
put  power.  Consideration  must  then  be  given  to  methods  of  achieving 
the  desired  amplitude  distribution  on  transmission,  whilst  making 
best  use  of  the  available  solid  state  microwave  power. 

Qae  arrangement,  equivalent  to  that  of  the  passive  array,  which  could 
be  used  where  the  element  solid  state  generators  are  configured  as 
amplifiers,  is  to  simply  apply  the  desired  taper  in  the  distribution 
network  as  for  a  passive  array.  On  transmission  the  element  amplifiers, 
all  providing  the  same  gain,  will  reproduce  the  tapered  distribution 
across  the  array.  Ctn  reception,  the  same  or  possibly  a  different 
taper  could  be  used,  with  the  distribution  network  perhaps  also  acting 
as  a  power  combiner.  The  disadvantages  with  this  arrangement  are  : 

1)  The  element  amplifiers  away  from  the  array  centre  will  be  operated 
with  a  power  output  considerably  below  their  maximum.  Since  it  was 
shown  in  Chapter  3  that  the  powers  available  from  solid  state  micro- 
wave  devices  are  somewhat  restricted,  it  will  v  *|\»lly  be  desirable 

to  operate  all  the  devices  in  an  active  array  at  as  high  a  power 
level  as  possible,  consistant  with  constraints  imposed  by  reliability 
considerations. 

2)  This  arrangement  clearly  is  not  suitable  for  locked  oscillator 
element  sources  since  the  output  powers  of  identical  oscillators 
will  be  the  same  for  all  elements. 

in  alternative  arrangement,  suitable  when  either  amplifiers  or  oscill- 
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ators  are  used,  is  simply  to  accept  a  uniform  amplitude  distribution 
from  identical,  equally  spaced  elements  on  transmission,  yielding  a 
relatively  high  peak  3idelobe  level  (  -  l3dB  )  and  concentrates  on 
providing  a  high  degree  of  sidelobe  suppression  via  the  receiving 
radiation  pattern,  which  as  previously  mentioned,  may  be  formed 
using  an  independent  amplitude  distribution.  In  cases  where  false 
target  returns  and  illumination  of  clutter  outsit''  the  main  beam  are 
not  limiting  problems,  this  approach  will  probaDj.y  be  acceptable 
since  it  is  the  level  of  the  receiving  pattern  sidelobes  alone  which 
affects  the  radar  system  performance  in  the  presence  of  jamming. 

A  further  alternative  arrangement  givirig  sidelobe  level  control  on 
both  transmission  and  reception,  uses  the  technique  of  1  density 
tapering  1  in  which  unequal  spacing  of  equally  excited  elements  is 
used  to  effectively  provide  a  tapered  distribution.  Array  design 
using  this  technique  may  be  carried  out  via  either  a  deterministic 
or  a  statistical  approach. 

Figure  5*2,  after  Skolnik  ^  ,  shows  the  basis  of  the  deterministic 

approach.  A  model  continuous  distribution  yielding  a  radiation 
pattern  similar  to  the  desired  one  is  initially  chosen.  The  location 
of  equally  excited,  unequally  spaced  elements  in  the  array  is  deter¬ 
mined  by  dividing  the  area  under  the  model  distribution  into  equal 
areas,  ra  shown  in  (a).  The  relative  positions  of  the  array  elements 
are  then  taken  from  the  centres  of  the  intervals  defined  by  the  equal 
areas.  Fig.  5.2(b)  shows  the  relative  positions  of  the  elements  and 
(c)  shows  the  positions  relative  to  the  cumulative  current  distrib¬ 
ution. 

It  would  be  expected  that  the-  radiation  pattern  produced  by  a  density 
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tapered  array  would  follow  the  pattern  of  the  model  in  the  vicinity 

of  the  main  beam  and  close-in  sidelobes,  and  deviate  at  largt" 

angles.  This  is  indeed  found  to  be  the  case  as  shown  in  Pig.  5»3» 

given  by  Skolnik^  .  Pig.  5.3  (a),  (b)  and  (c)  shows  the  array 

factors  for  a  20  wavelength  aperture  containing  12,  18  and  24  elements, 

respectively.  The  array  factor  of  the  model  distribution,  a  Taylor 

distribution  ^  designed  to  produce  an  equal  -20-,‘''  sidelobe  level 

is  also  shown  in  the  dotted  curves.  Hie  plots  cover,  in  each  case, 

the  angular  region  over  which  the  density  tapered  array  pattern 

initially  follows,  and  then  starts  to  deviate  from,  the  pattern  of 

the  model  distribution.  Although  values  for  the  horizontal  axes  are 

> 

not  given  in  the  reference,  the  figure  serves  well  to  show  that 
increasing  the  number  of  elements  improves  the  fit  between  the  patterns. 
The  number  of  elements  that  may  be  included  in  a  density  tapered  array 
is  limited,  in  practice,  by  the  minimum  element  spacing  (~A/2). 

This  may  arise  either  from  the  physical  size  of  the  element  or  from 
the  increase  in  mutual  coupling  as  the  separation  is  reduced. 

Defining  the  degree  of  thinning  as  the  percentage  of  elements  removed 
from  a  half -wave-length  spaced  array  of  the  same  dimensions,  the  24 
element  array  has  41  percent  thinning.  The  closest  spacing  between 
adjacent  elements  is  0.52  wavelengths.  In  practice  the  far-out  side- 
lobes,  which  deviate  from  the  desired  pattern  of  the  model  illumination, 
can  be  suppressed  by  the  element  factor  and  therefore  it  is  possible 
to  obtain  consistantly  low  sidelobes  throughout  the  visible  region. 

The  statistical  approach  to  density  tapered  array  design  follows 
similar  lines.  Here,  the  model  illumination  function  is  used  to 
determine  the  probability  of  whether  or  not  an  element  should  be 
located  at  a  specific  aperture  point.  Elements  are  located  pseudo- 
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randomly  rather  than  In  a  definite  manner  as  in  the  deterministic 
approach,  but  they  are  not  uniformly  random  because  their  probability 
density  function  is  tapered.  Their  average  density,  computed  statist¬ 
ically,  follows  the  form  of  the  model  illumination  function,  since 
the  tapered  weighting  of  the  probability  density  functions  makes 
the  placing  of  an  element  near  the  aperture  centre  more  likely  than 
elsewhere..  The  method  is  termed  a  statistical  density  taper  since 
the  radiation  pattern  can  only  be  specified  beforehand  in  statistical 
terms. 

Fig.  5.4,  also  from  Skolnik^,  illustrates  the  procedure  for 
designing  a  statistical  density  taperecl  array.  The  curve  representing 
the  model  amplitude  distribution  is  used  here  to  define  the  probability 
of  an  element  existing  at  each  of  the  positions  that  would  be  occupied 
in  a  filled  array  with  half-wavelength  spacing.  The  probability  of 
occupancy  of  the  central  element  position  is  unity.  Fig.  5*5  shows 
the  calculated  pattern  of  a  statistical  density  tapered  array  and  of  the 
model  distribution  for  a  50  wavelength  diameter  circular  array  with 
-30dB  peak  sidelobe  level.  Although  it  can  be  seen  that  the  density 
tapered  sidelobe  level  is  significantly  greater  than  the  ideal  one 
after  the  first  few  sidelobes,  the  advantage  of  the  statistical 
approach  is  illustrated  in  that  the  sidelobe  energy  for  larger  angles 
is  fairly  evenly  distributed,  and  does  not  build  up  to  consistantly 
high  peak  values.  Fig.  5*6  shows  the  element  locations  in  the  planar 
array,  the  pattern  of  which  is  shown  in  Fig.  5«5»  This  array  contains 
3773  elements  compared  with  7800  if  the  array  were  filled,  indicating 
a  thinning  factor  about  50  percent. 

The  design  of  an  active  array  with  elements  of  equal  transmitting 
output  power  will  therefore  probably  take  one  of  two  forms  t 
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1)  An  array  of  equal  element  spacing  of  approximately  half-wave¬ 
length,  providing  uniform  distribution  on  transmission  and  a  separate 
tapered  distribution  on  reception0  Lower  receiving  sidelobes  should, 
in  general,  be  available  from  a  filled  aperture  than  from  a  density 
tapered  array. 

2)  A  density  tapered  array  providing  sidelcbe  control  on  both 
transmission  and  reception.  For  a  given  number  of  elements,  the 
aperture  dimensions  will  be  larger  in  this  case  than  for  a  half-wave¬ 
length  spaced  array,  and  thus  a  narrower  beamwidth  would  be  expected. 

Ihe  statistical  method  of  density  tapered  array  design  has  the  advant¬ 
age  of  producing  a  sidelobe  structure  with  a  uniform  mean  value  in 
the  region  where  the  pattern  differs  from  than  of  the  model.  Ibis 
technique  is  however  only  generally  applicable  to  large  arrays  where 
there  are  enough  ’  samples  '  to  ensure  statistical  regularity.  SkolnikC6) 
suggests  that  this  approach  is  limited  to  arrays  containing  more  than 
100  elements,  the  deterministic  approach  providing  better  results 

with  smaller  arrays.  A  further  discussion  of  density  tapering  is 

(5) 

given  by  Steinburg'  . 

5.2  The  Effect  of  SLement  Amplitude  and  Phase  Errors  on  the 
Radiation  Pattern. 

* 

5.2.1  Fixed  Distribution  Errors 

Random  amplitude  and  phase  errors  on  the  element  outputs  of  an  array 
antenna  impose  a  practical  limitation  on  the  degree  of  sidelobe 
suppression  that  may  be  obtained  from  the  use  of  tapered  distributions, 
and  clearly  a  similar  limitation  will  also  exist  for  density  tapered 
arrays.  The  additional  complexity  that  is  introduced  by  the  use  of 
active  elements  in  an  array  may  in  general  be  considered  to  present 


a  more  exacting  task  than  for  the  passive  array  when  it  is  desired 
to  meet  a  given  amplitude  or  phase  tolerance.  Conversely  the. addit¬ 
ional  degrees  of  freedom  afforded  by  amplitude  and  phase  adjustments 
that  could  be  provided  in  each  element  may  be  considered  to  ease  the 
tolerancing  problem*  although  from  the  point  of  view  of  manufacturing 
cost  <his  approach  may  carry  an  economic  penalty.  The  analysis  given 
below*  following  the  approach  of  Gladman^? )  *  seeks  to  indicate 

the  limitation  on  the  sidelobc  level  t'^at  may  be  achieved  in  the 
presence  of  a  given  level  of  random  amplitude  and  phase  error?. 

Taking  for  simplicity  the  case  of  an  array  of  N  evenly  spaced  elements 

> 

the  far-fiejd  electric  field  intensity  in  the  presence  of  errors  is 
give  •  by 

N-1 

E(U)  =  y>~  Ap(l  +  An)exp( j6n)exp( jnU)  ....5.4 

n=0 

where  An  is  the  amplitude  error  on  the  nth  element 
6n  is  the  phase  error  on  the  nth  element 
Ar  represents  the  element  excitation*  as  before 

2rtdsin9 

„  — — -  ....5.5 

where  d  is  the  inter-element  spacing 

0  is  the  angle  of  interest,  measured  from  broadside. 

If  the  amplitude  and  phase  errors  are  small  exp(  j6Jt)  ~  1  +  j6R 


and  Eqn.  5.4  nay  be  written 


E(U) 


v  Anexp(jnU)  + 

n=0  n=0 


AnAnexp(jnU) 


+  j  >  A  6  exp(jntJ) 


,...5.6 


The  first  term  represents  the  unperturbed  pattern,  the  second  and 
the  third  terms  being  the  •  error  patterns  *  due  tc  the  amplitude 
and  phase  errors  respectively. 


The  radiated  power  is  proportional  to  S(tJ)E*(lT)  and  the  radiated 
power  within  one  period  of  the  variable  U  is  therefore  proportional 


P(U)dU  =  E(U)E»(u)dU 


where  E*(u)  is  the  complex  conjugate  of  E(u). 


N-1  N-l 

P(tr)OT  .  2H^|An|2  +  4It^|An|®ln 


•»i»5*8 


The  first  term  on  the  right  hand  side  represents  the  power  in  the 
unperturbed  pattern  whilst  the  remaining  terms  result  from  the  ampli¬ 
tude  and  phase  errors  existing  on  the  array.  Assuming  that  the  sum 
of  the  weighted  amplitude  errors  given  by  the  second  term  on  the 
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right  hand  side  is  zero,  the  mean  power  in  one  period  of  U-space  is: 


is  the  power  weighted  mean  square  amplitude  error,  and 
N-1 


N-1 

IKI' 

n=0 

is  the  power  weighted  mean  square  phase  error,, 

The  main  beam  power  density  of  the  unperturbed  pattern  Pq(o)  may  be 
expressed  as  (JqPq(TJ)  ,  where  Gq  is  the  gain,  and  Pq(u)  is  the  average 
power  density  of  the  undisturbed  pattern. 


The  average  power  density  of  the  pattern  including  errors,  relative 
to  that  of  the  main  beam  in  the  undisturbed  pattern  is 


V°> 


+  -  + 
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The  first  term  is  the  average  power  density  of  the  unperturbed  pattern 

relative  to  the  main  beam  density.  The  second  and  third  terms  are 

the  power  densities  resulting  from  the  amplitude  and  phase  errors 

respectively.  Since  the  gain  Gq  will  be  proportional  to  the  number 

of  elements  N  in  the  array,  it  may  be  seen  that  the  level  of  the 

contribution  to  the  pattern  from  the  amplitude  and  phase  errors  will 

also  be  related  to  the  array  sice.  Pigs.  5*7  and  5.8,  after  GLadman^^ 

show  the  mean  peak  sidelobe  level  due  to  amplitude  and  phase  errors 

> 

respectively,  for  arrays  of  10,  30  and  100  elements  of  equal  half- 
wavelength  spacing,  where  the  errors  are  superimposed  on  initially 
uniform  amplitude  and  phase  distributions.  A  factor  of  two,  derived 
empirically,  has  been  assumed  between  the  mean  error  level  and  the 
mean  peak  level  shown  in  the  Figures.  Although  the  plots  give  the 
results  specifically  for  the  \axiformly  illuminated  case,  Gladman 
indicates  that  in  practice  they  may  also  be  used  as  a  guide  to  the 
required  tolerancing  on  tapered  distribution  arrays,  if  the  curves 
are  raised  approximately  by  1 .5dB.  The  plots  may  then  be  vsed  to 
assess  the  approximate  degree  of  manufacturing  accuracy  required, 
and  the  amount  of  permissible  phase  error  introduced  by  phase  locking, 
if  this  is  randomly  distributed  to  ensure  the  pattern  sidelobe  level 
is  below  a  specified  value.  In  a  similar  context,  they  may  also  be 
used  to  indicate  the  minimum  bit  size  of  digital  phase  shifters  for 
an  array  of  given  size  when  the  errors  introduced  by  the  phase  shifter 
quantisation  are  randomised. 
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5.2.2  Time  Varying  Errors 


Time  varying  errors  on  the  aperture  distribution  can  arise  in  two 
cases  t 

1 )  phase  errors  introduced  by  the  locking  phase  transient  of  poised 
phase-locked  element  sources 

2)  amplitude  and  phase  errors  due  to  time  varying  signal  components 
such  as  additive  amplifier  noise  that  are  present  throughout  the 
transmission. 


Response  to  the  Phase  Locking  Transient. 


As  described  in  Chapter  4,  during  an  initial  period  in  the  synchron¬ 
isation  of  pulsed  phase-locked  loops,  and  also  to  some  extent  for 
pulsed  injection  locked  oscillators,  the  output  is  not  fully  coherent 
with  the  input  locking  signal  but  exhibits  a  phase/frequency  transient 
before  reaching  the  steady  state  locked  condition.  The  array  radiation 
pattern  during  this  period  will  not  therefore  be  the  same  as  that 
calculated  simply  on  the  basis  of  the  steady  state  phase  distribution 
and  may  be  expected  to  change  significantly  with  time. 


Referring  the  phase  of  the  nth  element  output  'P  to  a  convenient  phase 


n 


reference  on  the  locking  signal,  the  radiation  pattern  of  an  equally 
spaced  array  of  N  elements  at  time  t  after  xhe  application  of  the 
supply  voltage  may  be  expressed  as  t 

N-1 

|  Anj  exp(j^(t))exp( jnlj)  . 5.13 

n=1 


E(U,t) 
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where  jA^j  is  the  excitation  amplitude  at  the  nth  element,  assumed 
constant  during  the  pulse.  (  Oscillation  growth  times 
are  assumed  to  be  so  rapid  in  comparison  to  the  pulse 
length  that  they  may  be  ignored.  ) 

and  <Pn(t)  is  the  phase  of  the  nth  element  at  time  t.  A  time  varying 
phase  indicates  the  existence  of  a  frequency  difference 
between  the  element  output  and  the  refeience. 

It  was  previously  noted  in  Chapter  4  "that  the  initial  phase  of 
pulsed  oscillators  is  essentially  random  where  the  oscillation  is 
initiated  by  random  noise  processes.  At  the  instant  following  the 
application  of  the  supply  voltage  a  random  phase  distribution  will 
therefore  exist  on  the  array.  A  full  analysis  of  the  dynamic  charac¬ 
teristics  of  the  radiation  pattern  would  therefore  initially  assume 
a  random  phase  distribution,  calculate  the  subsequent  variation  of 
the  phase  of  each  element  output  with  time  (  for  instance  using  phase 
plane  analysis  ),  and  then  use  these  phase  values  to  compute  the 
radiation  pattern  at  each  instant  of  time.  Calculation  of  the  far- 
field  phase  in  each  direction 

Arg(E(U,t)) 

and  its  rate  of  change,  will- provide  information  on  the  spectral 
content  of  the  signal  transmitted  in  each  direction.  Repeating  the 
computation  for  many  random  initial  conditions  will  indicate  the 
time  average  response. 

A  detailed  analysis  of  the  form  described  has  not  been  carried  out 
in  the  work  covered  by  this  thesis;  however  the  transient  radiation 
pattern  and  the  associated  '  spectral  splash  '  during  the  synchron¬ 
isation  of  pulsed  His  are  of  interest  for  determining  the  details 
of  the  transmitted  pulse  shape  and  spectrum,  and  this  analysis  should 
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be  considered  in  future  work. 


Some  of  the  basic  features  of  the  response  may  be  obtained  without 
a  detailed  treatment,  using  simple  reasoning.  '.Then  the  array  consists 
of  a  large  number  of  elements,  the  initial  uniform  amplitude,  random 
phase  distribution  may  be  expected  to  produce  an  array  factor  which 
will  not  exhibit  significant  gain  in  any  direction  but  will  approx¬ 
imately  follow  the  level  of  the  average  pattern.  In  practice  where 
directive  elements  are  used,  the  initial  pattern  will  simply  be  the 
element  pattern.  With  increasing  time,  as  numbers  of  the  element 
sources  reach  the  steady  state  output  phase,  the  increasing  coherent 
addition  of  the  element  outputs  will  result  in  growth  of  the  desired 
radiation  pattern  main  beam  and  the  suppression  of  the  radiated  power 
in  other  directions.  The  array  radiation  pattern  may  thus  in  general 
be  expected  to  change  with  time  from  a  shape  governed  by  the  element 
to  that  of  the  usual  narrow  beam  associated  with  a  coherently  excited 
array.  The  growth  of  the  main  lobe  may  be  expected  to  follow  the 
cumulative  curve  of  .the  percentage  of  elements  reaching  the  steady 
state  output  phase  with  time  shown  in  Pig.  4.  Typically,  the  main 
beam  will  be  formed  in  100ns  using  loop  bandwidths  of  the  order  of 
10MHz. 
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It  was  shown  in  Chapter  4  that  the  frequency  transient  of  pulsed, 
first  order  FLLs  could  extend  to  the  edges  of  the  locking  range,  and 
for  second  order  loops  to  a  limit  set  approximately  by  the  loop  unity 
gain  frequency.  It  may  therefore  be  expected  that  during  the  radiat¬ 
ion  pattern  transient  period,  spectral  components  at  all  frequencies 
within  these  limits  will  be  radiated  by  the  array,  with  a  spatial 
distribution  determined  principally  by  the  element  pattern.  4s  the 
main  lohe  of  the  desired  pattern  forms,  both  the  spectral  spread  and 
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the  spatial  spread  of  the  transmission  will  be  reduced. 

The  principal  effects  of  the  PLL  locking  transient  on  the  transmit¬ 
ting  radiation  pattern  will  therefore  be  t 

1)  The  pulse  transmitted  in  the  desired  direction  will  have  a 

1  rounded  '  leading  edge  when  compared  to  the  output  of  a  single 
element,  corresponding  to  growth  of  the  main  beam.  If  the  growth 
time  is  short  compared  to  the  pulse  length,  the  energy  lost  from 
the  main  beam  will  have  little  effect. 

2)  During  the  transient,  the  array  will  briefly  radiate  a  range  of 
frequencies  over  a  wide  angle.  Of  particular  interest  from  a  further 
detailed  analysis  would  be  information' on  the  level  of  radiated 
spectral  components  which,  when  reflected,  could  be  confused  with 
doppler  shifted  returns  from  moving  targets. 

Response  to  Noise  Components  in  the  Output  Waveforms 

Time  varying  AM  and  FM  noise  components  of  the  array  element  outputs 
may  be  considered  as  varying  amplitude  and  phase  errors,  and  it  is 
of  interest  to  note  that  in  an  active  array  these  components  can  be 
radiated  with  a  significantly  different  directional  characteristic 
than  that  of  a  passive  array,  A  full  analysis  of  this  effect  has 
been  given  by  Iglehart  ;  however  a  simplified  qualitive  analysis 
as  given  below  is  sufficient  to  indicate  the  basic  characteristics. 

In  a  passive  array  with  equal  path  lengths  from  a  single  generator 
to  the  array  elements,  the  far-field  electric  field  intensity  at 
time  t,  including  errors,  may  be  written  in  a  similar  form  to  that 

used  in  Eqn.  5*4  * 


N-1 


3(U,l)  = 


(l  +  A(i))c::p(j6(t))cx?(  jnU) 


n=0 
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where  A(t)  and  6(t)  represent  the  amplitude  and  phase  deviations 
due  to  noise  components  at  time  t.  Since  these  will  be  the  same  for 
all  elements  in  the  array,  neglecting  any  noise  introduced  in  the 
feed,  this  becomes 


E(U,t) 


N-1 

+  A(t))exp(j6(t))\  Anexp(jnU) 
n=0 


. 5.15 


and  thus  the  directional  characteristics  of  the  array  are  unchanged. 
The  modulating  noise  components  simply  appear  unchanged  on  the  far- 
field  signal. 

For  an  active  array  of  phase  locked  element  sources,  consider  first 
the  amplitude  modulated  noise  terms.  It  was  noted  in  Chapter  4  that 
AM  noise  present  on  the  locking  signal  of  a  phase  locked  loop  would 
in  practice  have  little  effect  on  the  output  noise  level.  This  will 
also  be  true  for  injection  locked  oscillators  when  the  locking  signal 
is  much  smaller  than  the  output,  i.e.  for  large  values  of  locking 
gain.  The  AM  noise  on  the  outputs  in  this  case  will  therefore  be 
simply  that  due  to  the  individual  oscillators  alone  and  no  correl¬ 
ation  would  be  expected  between  elements.  The  far-field  electric 
field  strength  including  AM  noise  terms  will  then  be 


E(U,t) 


n=0 


+  A(t))exp(jnU) 


5.16 
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where  A^('t )  is  the  amplitude  deviation  on  the  nth  element  at  time  t. 
Oince  .he  A will  oo  randomly  uistributcd  it  will  not  in  general 
be  possible  to  preo.ic t  the  pattern  shape  exactly  at  a  given  time 
but  on  an  instantaneous  basis  an  analysis  similar  to  that  of  5.2.1 
could  be  usedo  As  the  noise  signal  from  each  element  is  also  rand¬ 
omly  changing  with  time,  it  is  clear  that  the  time  averaged  pattern 
due  to  the  AM  noise  would  be  evenly  distributed  with  angle  if  the 
array  elements  were  isotropic.  ’.Vhere  directive  elements  are  used 
the  time  averaged  pattern  will  follow  that  of  the  element. 

The  response  to  FM  noise  is  less  straightforward.  Referring  again 
to  the  results  of  Chapter  4»  it  was  found  that  the  EM  noise  output 
of  a  locked  oscillator  could  be  approximately  divided  into  two 
regions.  Within  a  bandwidth  given  by  Eqn.  4  for  injection  locking, 
and  by  plus  or  minus  the  open  loop  unity  gain  frequency  for  a  phase 
locked  loop,  the  17.1  noise  output  takes  on  the  character  of  the 
locking  source  and  the  inherent  EM  noise  is  supressed.  (Xitside  this 
bandwidth  the  EM  noise  character  is  independent  of  the  locking  signal 
and  is  at  the  level  of  an  unlocked  oscillator.  The  noise  components 
in  these  two  regions  will  be  radiated  with  significantly  different 
spatial  distributions. 

EM  noise  components  ir.  the  former  range  of  frequency  will  be  the 
same  for  all  elements  and  thus,  following  the  result  of  Eqn.  5*15 
it  may  be  seen  that  these  will  be  radiated  with  the  conventional 
narrow  beam  array  pattern.  The  noise  components  will  then  appear 
unchanged  on  the  far-field. 

EM  noise  components  in  the  latter  range,  which  are  due  to  the  inherent 
oscillator  noise,  will  not  be  correlated  between  elements  and  thus 
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will  produce  a  random  distribution.  Following  the  previous  arguments, 
these  terms  will  be  radiated  according  lo  .he  element,  patrerii. 

In  summary,  the  only  noise  components  that  will  be  radiated  with  the 
full  gain  of  the  array  will  be  those  present  on  the  reference  locking 
signal  since  these  will  appear  coherently  on  all  element  outputs. 

Both  All  and  I’M  noise  generated  within  the  element  sources  will  be 
uncorrelated  between  elements  and  thus  will  be  radiated  with  only 
the  element  pattern  gain.  This  result  is  of  particular  interest  for 
active  array  radar  in  which  it  is  desired  to  provide  moving  target 
indication  (MTl)  since  it  indicates  that  the  noise  accompanying  the 
main  beam  transmission  will  be  determined  primarily  by  the  locking 
source.  This  can  then  be  chosen  to  have  a  low  output  noise  level. 

The  noise  level  of  the  element  sources  is  only  of  secondary  import¬ 
ance  and  thus  this  need  not  be  a  major  consideration  in  the  choice 
of  -suitable  solid  state  devices  for  an  active  array. 

5.3  Receiving  Array  Signal  to  Noise  Ratios 

Two  basic  receiving  circuit  configurations  may  be  adopted  with  arrays, 
in  which  receiver  pre-amplification  is  provided  either  in  distrib¬ 
uted  form  within  the  array  elements  or  at  a  single  point  following 
the  combining  circuit.  The  advantages  of  particular  configurations 
such  as  amplification  and  down-conversion  to  i.f .  within  each  element 
are  discussed  further  in  Chapters  6  and  7»  out  at  this  point  ii  is 
of  interest  to  compare  the  signal  to  noise  ratios  obtained  in  the 
two  basic  cases,  primarily  with  the  aim  of  determining,  in  the  case 
of  distributed  amplification,  the  relationship  between  the  element 
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S/N  ratio  and  the  overall  S/N  ratio. 

In  the  following  analysis  an  expression  for  the  receiver  signal  to 
noise  ratio  is  obtained  for  both  passive  and  active  receiving  arrays, 
with  and  without  amplitude  tapers.  Three  important  features  of  the 
analysis  may  be  noted  at  this  stage* 

1)  The  power  associated  with  the  sum  of  coherent  in-phase  signal 

p 

currents  i^,  igg,  ig^,  ....  is  proportional  to  (is1+  isg+  isyt-...) } 
the  power  associated  with  the  sum  of  random  noise  currents 

V  in2*  V  •  •  •  is  Pr*Portional  t0  (in12+  in22+  in32+ . >• 

2)  An  N  element  array  is  assumed  in  which  the  element  impedance  is 

> 

Zq.  The  combining  network  is  followed  by  a  transformer  giving  an 
output  impedance  also  equal  to  Zq.  ■ 

3)  A  noise  free  antenna  and  a  lossless  combining  circuit  are 
assumed  in  order  to  identify  the  effects  of  amplifier  noise  alone. 


A  Passive  Array  Without  Amplitude  Taper 


Passive  elements  are  assumed  here  with  a  single  amplifier  following 
the  combining  circuit. 


Let  the  signal  current  in  each  of  the  elements  be 

18  (Z  -  Z0) 

The  total  signal  current  at  the  combiner  output,  assuming-  in-phase 
addition,  is  then 

Nia  (Z  «  Zq/n) 

After  transformation  back  to  impedance  Zq  the  total  signal  current  is 

'fs  is  (Z  «  ZQ) 
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After  an  amplifier  with  current  gain  A,  the  total  signal  current 
hoccr.es 


aVF  i 

s 


(z 


let  the  amplifier  noise  output  current  be 


The  signal  to  noise  ratio  is  thus 


(2  -  20) 


• • • »5ol7 


which  is  the  same  as  that  for  a  reflector  antenna  of  the  same 
effective  area. 


An  Active  Array  Without  Taper 

Again  let  the  received  signal  current  at  the  element  be 

ie  (2  -  V 

After  amplification  within  the  element  with  the  same  current  gain 
as  before,  the  element  output  signal  current  is 

Ais  (Z  -  ZQ) 

At  the  output  of  the  combining  network  the  total  signal  current 
will  be 

NAis  (Z  +  Z^N) 

After  transformation  to  impedance  Zq  this  becomes 

v'F  Aia  (Z  =  20) 

Let  the  output  noise  current  of  each  element  amplifier  be  i  ,  as 

before. 
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At  the  combiner  output  the  total  noise  power  will  be  proportional  to 

Hin2  (S  ■  V« 

After  transformation  to  impedance  Zq  ,  the  noise  power  is  proportional 
to 

\  <2  -  20> 


The  signal  to  norse  ratio  is  thus 


5.18 


It  may  be  seen  that  the  signal  to  noise  ratios  given  by  Bqns  5*17 

> 

and  5»18  are  the  same.  Thus  ideally  the  same  performance  will  be 
obtained  if  a  given  amplifier  is  used  either  after  the  combining 
circuit  in  a  passive  array,  or  in  each  element  in  an  active  array. 

In  practice,  combining  circuit  losses  will  always  degrade  the  passive 
array  performance. 


It  remains  to  establish  whether  this  equivalence  also  exists  in 
the  case  of  amplitude  tapered  arrays  in  which  tapering  is  achieved 

1)  by  transformer  weighting  for  both  active  and  passive  arrays, 

2)  by  transformer  weighting  in  the  passive  array  and  by  alternative 
weighting  in  the  active  array. 


A  Passive  Array  With  Amplitude  Taper 

Amplitude  tapering  can  be  applied  using  an  ideal  transformer  to  scale 
the  signal  current  to  the  desired  value  in  each  element.  Since  no 
loss  is  involved  in  the  transformation,  no  additional  noise  terms 
are  introduced,  let  weighting  terms  x^  be  applied  to  the  element 
output  currents  5  the  signal  current  output  of  the  nth  element  will 
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At  the  combiner  output  the  total  amplifier  signal  voltage  is 


Ai 


_ N 

Ih 

r\  -  I 


(2-  VSt*/)  ) 


After  transformation  back  to  impedance  Zq,  this  becomes 

(Z  -  ZQ) 


Ai. 


(I*J 


Let  the  amplifier  output  noise  current  be 


(Z  -  z0) 


At  the  combiner  output  the  total  noise  output  power  will  be 

> 

proportional  to 


-  vZO  > 


Alter  transformation  to  impedance  V  the  noise  output  power  is 

(z0  -  V 


proportional  to 
,  2 


The  signal  to  noise  ratio  is  thus 


-) 

N  U 


M 

4  ^ 


.5-20 


The  signal  to  noise  ratios  of  Eqn.  5»19  and  5.20  may  be  seen  to  be 
equal. 
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An  Active  Array  with  Amplitude  "aper  Usinr 


Attenuative  weighting  can  be  used  to  provide  amplitude  tapering  in 
active  arrays.-  since  the  element  amplifier  determines  the  signal  to 
noise  ratio  existing  at  the  element. 


let  the  element  signal  current,  as  before,  be 


(Z  -  V 


After  the  element  amplifier  of  current  gain  A,  we  have 


(Z  .  ZQ) 


At  the  combiner  the  total  signal  current  is 


“si1.  ’  <z-y») 

After  transformation  to  impedance  Z^  this  becomes 

,  , 

“s.  (*  -  Z0) 


Let  the  element  amplifier  noise  output  current  be 


(Z  -  z0) 


At  the  combiner  output  the  total  noise  power  will  be  proportional 
to 

v*  Icy2  (z .  zys) 

After  transformation  to  impedance  .Z-j,  the  total  noise  power  is 
proportional  to 


CIV 


(Z  -  z.) 


The  signal  to  noise  ratio  in  this  case  is  therefore 

ln  I(*n)2 


The  signal  to  noise  ratios  of  Eqn.  5 .19,  5*20  and  5*21  may  all  be 
seen  to  be  equal*  An  equivalence  in  performance  therefore  e.rists 
in  all  three  cases,  whether  a  given  amplifier  type  is  included  in 
each  element,  or  singly  after  the  combining  network* 

In  an  array  with  active  transmitting  elements,  the  weight  of  argue** 
ment  v/ill  usually  be  in  favour  of  distributed  amplification  since  t 

1 )  Loss  in  the  subsequent  combining  network  is  then  not  critical 
and  a  low  cost  design  may  be  used.  Low  loss  waveguide  combiners 
may  be  required  in  a  passive  receiving  array. 

2)  The  additional  complexity  of  providing  amplification  within  the 
element  on  reception  will  not  be  great “ where  circuitry  already 
exists  in  each  element  for  transmission. 

3)  This  arrangement  is  particularly  suitable  where  it  is  desired 

to  downconvert  the  received  signal  to  i.f.  within  each  element.  This 
allows  array  beamforming  and  signal  processing  to  be  performed  at 
convenient  frequencies.  Amplification  could  be  provided  at  r.f. 
or  i.f. 
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CHAPTER  6 

ACTIVE  ELEMENTS  BASED  ON  INJECTION  LOCKING 

> 

6.0  Introduction 

6.C.1  General  Considerations  Influencing  Active 
Element  Design 

6.1  Active  Elements  for  use  with  Microwave  Combining  Networks 

6.1 .1  Design  without  Element  Preamplification 

6.1.2  Design  with  Element  Preamplification 

6.2  Active  Elements  for  use  with  Intermediate  Frequency 
Combining  Networks 

6.2.1  Design  with  a  Single  Injection  Locked 
Oscillator  Stage 

6  .2  Design  with  Several  injection  Locked 
Oscillator  Stages 

6.3  Conclusions 
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6.0  Introduction 


The  characteristics  of  several  possible  active  element  designs  based 
on  the  use  of  injection  locked  element  sources  are  described  in  this 
chapter.  In  each  case  one  or  more  stages  of  gain,  provided  by  an 
injection  locked  oscillator,  are  used  to  amplify  the  reference  signal 
within  the  element  before  transmission.  On  reception  the  signals 
received  by  the  elements  of  the  array  may  be  combined  either  at  the 
received  microwave  frequency,  or  at  an  intermediate  frequency  follow¬ 
ing  downconversion  within  each  element.  Elements  based  on  these  two 
approaches  are  considered  in  sections  6.1  and  6.2  respectively. 
Experimental  restate  are  presented  for'one  design  of  interest  in 
which  the  local  oscillator  signal  for  downconversion  to  intermediate 
frequency  of  the  element  received  signal  ic  derived  from  the  output 
of  the  element  source. 


The  characteristics  of  injection  locked  oscillators,  which  clearly 
have  a  strong  influence  on  the  overall  element  characteristics, 
were  summarized  in  section  4  of  Chapter  4« 


6.0.1  General  Considerations  Influencing  Active  Element  Des 


It  was  previously  noted  in  Chapter  2  that  the  active  array  concept 
has  been  successfully  demonstrated  in  several  practical  radar  systems, 
a  notable  example  being. the  U.S.A.F.  Pave.  Paw  radar,  which  is  based 


on  an  array  containing 


active  elements  •  Hie  technical 


feasibility  of  the  technique  has  therefore  been  clearly  demonstrated, 
but  the  very  high  cost  of  active  phased  arrays  compared  to  that  of 
conventional,  mechanically  rotated  reflector  antennas  has  neverthe- 


less  severely  limited  their  acceptance. 

In  this  light,  the  previous  i.orl:  on  active  arrays  at  University 

(14)  (12) 

College  London,  described  by  Al-Ani  et  al  and  Forrest  et  al  , 
was  principally  aimed  at  the  .Investigation  of  techniques  for  reducing 
the  cost,  particularly  that  associated  with  the  element  phase  shifters, 
in  active  transmitting  arrays.  The  techniques  investigated,  i.e. 
the  harmonic  locking  and  interpolation  locking  technioues,  were 
previously  described  in  Chapter  2.  In  a  similar  vein,  a  great  many  of 
the  factors  influencing  the  choice  of  possible  element  circuits  in 
this  and  the  next  chapter  are  based  on  considerations  regarding  the 
element  cost.  Since  many  elements  may’ be  ust.d  in  a  practical  array, 
the  element  cost  clearly  has  a  strong  bearing  on  that  of  the  complete 
array. 


Two  initial  points  related  to  cost  restrict  the  types  of  element 
design  considered  s 

1)  For  the  conventional  monostatic  radar  application,  the  elements 
should  function  in  both  transmission  and  reception  modes  to  avoid  a 
requirement  for  separate  transmitting  and  receiving  arrays.  In 
addition  to  the  extra  size  and  weight  associated  with  a  second,  re¬ 
ceiving  array,  the  expense  of  duplicating  components  such  as  the 
element  phase  shifters  makes  the  separate  array  approach  unattract¬ 
ive.  Furthermore,  if  the  total  antenna  dimensions  are  restricted, 
higher  gain  on  transmission  and  greater  effective  receiving  area  on 
reception  may  be  obtained  from  a  single  transmit-and-receive  antenna 
than  from  separate  antennas  covering  the  same  total  area. 

2)  The  use  of  identical,  modular  elements  is  clearly  to  be  preferred 
since  this  not  only  minimizes  the  element  cost,  by  permitting  mass¬ 
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production  techniques  to  he  employed  in  manufacture,  hut  also  consid¬ 
erably  simplifies  the  task  of  maintenance  in  the  event  of  element 
failures o  It  was  noted  in  Chapter  5  than  an  effective  amplitude 
taper  may  still  be  applied  to  an  array  where  identical  elements  are 
used,  by  means  of  the  density  tapering  technique. 


The  basic  element  types  of  interest  are  therefore  those  of  modular 
design  that  may  be  used  in  both  transmission  and  reception  modes. 


The. characteristics  of  PIN  end  ferrite  microwave  phase  shifters  were 

described  in  Chapter  2  and  ideally  the  use  of  these  components,  which 

> 

in  addition  to  their  high  cost  and  loss  consume  significant  drive 
power,  would  be  avoided.  Both  the  harmonic  locking  technique  describ¬ 
ed  by  Al-Ani  et  al^)  «r)H  thp  PT.T.  mnv  Vio>  hqa^  nn.Vvf  ova 


and  the  heterodyne  ELL  may  be  used  to  achieve 


this  end}  element  designs  based  on  the  heterodyne  ELL  are  described 
in  Chapter  7  »  the  use  of  microwave  harmonic  locking  is  discussed 
in  section  6.2.2.  Where  PIN  or  ferrite  phase  shifters  are  used, 
particular  attention  must  be  given  to  the  best  way  in  which  these 
may  be  included  in  the  element,  with  particular  regard  to  their 
cost  (  i.e.  by  avoiding  a  very  low  insertion  loss  requirement  )  and 
the  effect  of  their  loss. 


The  preferred  form  of  construction  for  the  elements  of  practical 
arrays  will,  in  general,  be  based  on  microwave  integrated  circuits 
(  MICs  ).  MIC  construction  has  distinct  advantages  over  a  waveguide 
approach  in  size,  weight  and  cost  (  at  least  in  quantity  production  ). 


The  use  of  MIC  construction  for  the  array  feed  network  (  or  networks  ) 
however,  must  be  taken  into  account  in  the  element  design.  The  use 
of  waveguide  feed  networks  will,  in  general,  not  be  preferred,  since 


for  largo  arrays  those  may  exhibit  both  high  v/eight  and  cost.  When 
17L0  feed  networks  are  used,  however,  con:;-  ■  -i\-iion  must  be  given  to 
the  greater  loss  that  may  be  encountered  (  typically  2  -  41B  ). 
Since  final  amplification  takes  place  within  the  elements  on  trans¬ 
mission,  feed  network  loss  will  not  be  of  first  importance  here  ; 
on  reception  the  use  of  IRC  feed  networks  will  generally  call  for 
preamplification  of  the  received  signals  within  the  elements  in 
order  to  prevent  degradation  of  the  receiver  noise  figure. 


6.1  Active  Elements  for  use  with  Microwave  Combining  Networks 


6.1.1  Design  without  Element  Preampiificc.tion 


An  element  based  on  injection  locking  with  no  preamplification  or 
downconversion  of  the  received  signal  within  the  element  represents 
the  simplest  case  considered,  although  this  is  not  likely  to  be  the 
most  attractive  in  practice.  Such  an  element  is  shown  in  Pig.  6.1. 

The  feed  network  in  this  case  is  used  both  for  distribution  of  the 
reference  locking  signal  on  transmission,  and  for  combination  of 
the  signals  received  by  the  array  elements  on  reception.  A  transmit/ 
receive  (  T/R  )  switch  would  be  placed  at  the  input  to  the  feed 
network  to  isolate  the  receiver  during  transmission.  The  circulator 
shown  in  Pig.  6,1  serves  both  to  separate  the  input  and  output  signals 
of  the  injection  locked  oscillator  on  transmission,  and  to  decouple 
the  inactive  oscillator  from  the  signal  path  on  reception.  The  element 
phase  shifter,  which  must  be  a  microwave  type  (  e.g.  PIN  or  ferrite  ), 
may  be  placed  either  in  the  feed  to  the  element  aperture,  or  the 
input  to  the  element  from  the  distribution/coabining  network.  The 
advantage  of  the  latter  position  is  that  the  phase  shifter  loss 
(  typically  1  -  3d3  )  does  not  reduce  the  output  power  of  the  element 


Wfi 


on  transmission,  whilst  on  reception  the  effect  of  the  loss  i3  the 
same  in  either  position.  It  may  be  seen  that  in  either  position, 
the  phase  shifter  action  on  transmission  and  reception  is  reciprocal, 
assuming  a  reciprocal  phase  shifter  is  used.  By  the  antenna  recipro¬ 
city  theorem,  a  single  phase  setting  will  thus  serve  to  form  a  beam 
in  tne  same  direction  on  both  transmission  and  reception.  This 
result  is  of  interest  for  comparison  with  that  for  subsequent  elements 
where  the  sign  of  the  phase  shift  must  be  changed  between  transmission 
and  reception. 


Ihe  attractive  feature  of  this  element  Is  it3  overall  simplicity  f 
very  few  components  are  required  compared  to  the  other  elements 
considered.  The  main  drawback,  however,  results  i rom  the  losses  that 
are  present  on  reception.  The  combined  loss  on  reception,  of  the 
circulator  (  typically  ~  1 JB  ),  the  phase  shifter  (  typ.  —  IdB  for 
ferrite  types  ;  1  -  3dB  for  PINs  ),  and  the  combining  network 
(  typ.  2  -  4dB  for  an  MIC  network  ),  will  severely  degrade  the  re¬ 
ceiver  noise  figure.  It  was  noted  previously  that  the  gain  that 
may  be  obtained  from  injection  locked  sources  will  typically  be 
limited  to  values  of  the  order  of  lOdB.  To  provide  higher  element 
gain  several  stages  of  injection  locked  oscillator  gain  may  be 
required.  The  loss  on  reception  due  to  the  circulators  will  then 
be  greater  than  that  mentioned  above.  The  best  possible  receiver 
noise  figure,  assuming  an  ideal,  noise  free  receiver  following  the 
combining  network,  will  be  numerically  equal  to  the  sum  of  these 
losses.  It  must  be  noted  that  if  several  injection  locked  oscillator 
stages  are  used,  the  phase  errors  introduced  by  the  oscillators  will 
be  compounded. 


A  further  possible  disadvantage  of  this  element  is  that  amplitude 
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taper  on  reception  can  only  be  applied  via  the  feed  network  (  i,e. 
at  tentative  weighting  cannot  be  used  here  without  furt.vjr  degrading 
the  receiver  noise  figure  ).  Since  the  feed  network  is  also  used 
on  transmission,  however,  an  equal  amplitude  taper  would  be  produced 
on  the  locking  signal  distributed  to  the  array,  This  would  be  undes¬ 
irable  if  equal  element  output  powers  were  used,  Density  tapering 
must  therefore  be  used  to  provide  aperture  distribution  weighting 
with  this  element  design. 


6,1 .2  Design  with  Element  Preamplificauion 


The  drawbacks  associated  with  the  element  of  Pig,  6,1  can  be  overcome 
by  the  inclusion  of  low  noise  preamplification  within  the  element 
as  shown  in  Fig.  6.2,  In  practice  the  preamplifier  could  take  the 
form  of  a  low  noise  FET  amplifier  as  described  in  Chapter  3,  Two 
circulators  are  now  used  to  separate  the  transmitted  and  received 
signals  within  the  element.  On  transmission  the  injection  locked 
oscillator  amplifies  the  pulsed  reference  signal  applied  to  the 
element  j  on  reception  the  preamplifier  provides  low  noise  amplif¬ 
ication  of  the  received  signal  close  to  the  element  aperture.  As 
before,  a  single  array  feed  network  is  used  for  both  transmission 
and  reception.  The  microwave  phase  shifter  may  again  be  placed  in 
two  possible  positions,  i.e.  in  the  feed  to  the  element  aperture 
or  in  the  input  to  the  element  from  the  distribution/combining 
network.  The  latter  position  is  now  clearly  to  be  preferred  since 
in  this  position  the  phase  shifter  insertion  loss  will  neither  reduce 
the  transmitted  output  power  nor  significantly  degrade  the  receiver 


signal  to  noise  ratio. 


’,7here  the  preamplifier  gain  is  sufficient  to  overcome  the  effects 


y-r-yys;?? 


of  subsequent  losses,  the  element  noise  figure  is  essentially  deter¬ 
mined  by  the  circulator  loss  and  the  preamplifier  noise  figure. 

The  value  of  preamplifier  gain  required  to  overcome  the  influence 
of  subsequent  loss  on  the  element  noise  figure  may  be  determined 


using  Prii's  formula  for 

cascaded  networks 

V1 

T?  _  T?  4.  .-r..  , 

l£’ 

V1 

+ '  -a-  +  etc 

G1G2G3 

6.1 

Ftot  +  r  + 

G1 

G1G2 

where  P1#  Pg,  P^, 

®1»  G2*  G3* 

are  the  noise  figures  and  gains  (  or  losses  )  respectively, 
of  the  first,  second, third,  etc.  networks 
and  F.  ^  is  the  overall  noise  figure. 

In  this  case  the  first  and  second  terms  of  Eqn.  6.1  represent  the 
contributions  from  the  circulator  loss  and  the  preamplifier.  The 
third  and  subsequent  terms  represent  the  contributions  to  the  overall 
noise  figure  of  the  components  following  the  preamplifier.  It  may 
be  seen  that  the  magnitude  of  these  is  inversely  related  to  the 
preamplifier  gain  Gg.  A  value  of  Gg  is  thus  chosen  to  reduce  the 
values  of  these  terms  to  negligible  levels. 

It  may  be  noted  that  since  losses  following  the  preamplix'ier  are 
no  longer  of  first  importance,  an  MIC  feed  network  may  now  be  used 
without  difficulty.  In  addition;  relaxation  of  the  phase  shifter 
insertion  loss  requirement  will  permit  lower  cost  designs  to  be  used. 

The  separate  signal  paths  within  the  element  on  transmission  and 
reception  allow  the  use  of  independent  aperrure  distributions  in  the 
two  modes.  The  most  suitable  case  for  an  active  array  when  density 
tapering  is  not  employed,  as  noted  in  Chapter  5>  is  the  use  of  a 
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uniform  distribution  on  transmission  and  a  separate,  tapered  distrib¬ 
ution  on  reception.  Y/ith  a  feed  network  providing  a  uniform  distrib¬ 
ution,  a  taper  nay  conveniently  be  applied  on  reception  using  varia¬ 
tions  in  the  gain  of  the  element  preamplifiers.  This  is  the  equiv¬ 
alent  of  attenuative  weighting,  i.e.  where  weights  are  applied  by 
means  of  different  attenuators  following  equal  gain  amplifiers. 

Che  final  point  to  be  mentioned  regarding  this  element  is  that  for 
certain  output  power  levels,  protection  of  the  receiving  preamplifier 
may  be  required.  Typically,  the  maximum  peak  power  that  may  be 
applied  to  a  microwave  preamplifier  is  ~10QmW.  If  the  major  com¬ 
ponent  of  the  signal  appearing  at  the  preamplifier  during  trans¬ 
mission  is  due  to  leakage  in  the  reverse  direction  around  the  circul¬ 
ator  at  the  element  output,  (  typically  -20dB  relative  to  the  input 
power  )  the  maximum  source  output  power  before  a  power  limiter  is 
required  is  10W.  For  greater  source  powers,  a  limiter  (  e.g.  PUT 
or  varactor  )  would  be  required  to  precede  the  preamplifier.  Alter¬ 
natively  a  PHI  T/R  switch,  providing  typically  ~60dB  isolation 
when  in  the  1  off  1  state,  could  be  used  to  replace  the  circulator 
at  the  element  aperture  ;  however,  this  would  require  an  additional 
control  inpat  to  the  element. 

6.2  Elements  for  Use  with  Intermediate  Frequency  Combining 
Networks 

Downconversion  of  the  received  signals  to  an  intermediate  frequency 
within  each  element  has  several  advantages.  First,  the  need  for  a 
microwave  combining  network  is  avoided  ;  losses  of  an  i.f.  combining 
network  should  be  less  than  those  of  a  microwave  network,  although 
clearly  consideration  must  now  be  given  to  the  conversion  loss  intro- 
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Aperture 


Simplified  element  Including  Frequency  Down-Conversion 


duced  by  the  frequency  translation.  Secondly,  the  amplitude  and  phase 

errors  introduced  by  an  i»f.  e . -Ining  ; _1 , 

be  less  than  those  for  a  microwave  not:. or...  This  rt...?.ts,  to  a  largo 
extent,  from  the  smaller  fraction  of  a  wavelength  represented  by  a 
given  physical  manufacturing  tolerance.  Also,  individual  adjustment 
of  the  amplitude  and  phase  of  the  element  outputs  may  be  more  conven¬ 
iently  applied  at  intermediate  frequency.  Lower  receiving  sidelobes 
should,  therefore,  be  attainable  with  this  arrangement.  Thirdly, 
the  use  of  i.f,  combining  networks  is  particularly  suitable,  from 
the  viewpoint  of  both  cost  and  losses,  where  it  is  desired  to  form 
several  receiving  beams.  These  may  include  both  sum  and  difference 
patterns  for  monopulse  tracking  and  possibly  additional  independent 
beams  for  passive  tracking  of  active  targets  (  e.g.  jamming  sources  ), 

The  intermediate  frequency  chosen  for  the  element  output  on  reception 
will  be  a  compromise  between  the  desire,  on  the  one  hand  to  use  a 
low  frequency  to  simplify  the  combining  network  construction,  and 
on  the  other,  to  avoid  the  situation  of  the  received  signal  bandwidth 
being  a  large  percentage  of  the  intermediate  frequency  value.  Typically, 
an  i.f.  may  be  used. 

V  i 

6«2.1  Desigr-.  with  a  Single  Injection  Locked  Oscillator  Stage 

The  most  straightforward  modification  including  frequency  translation 
to  i.f.  of  the  received  signal  ?ithin  the  element  is  shown  in  Pig.  6<,3. 

A  mixer  is  now  included  after  the  circulator  or  T/R  switch.  An  addit¬ 
ional  microwave  input  to  the  element  carries  the  local  oscillator 
signal,  with  angular  frequency  u)Q  -  Uh ,  -where  Wq  is  the  locking 
signal  frequency  and  to,  is  the  frequency  of  the  element  i.f.  output. 

Since  the  only  part  of  the  circuit  common  to  both  transmitted  and 
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received  signals  is  the  feed  to  the  element  aperture,  the  element 
-  ■'■■••vo  i'-  J.ifter  i-  ■"...ocd  ir-  inis  position.  It  may  be  noted, 
using  antenna  ro -iprocity,  that  as  before,  a  single  phase  setting 
will  produce  the  same  beam  pointing  direction  on  both  transmission 
and  reception,  assuming  a  reciprocal  phase  shifter  is  used. 


Dependent  upon  the  mixer  conversion  loss,  the  inclusion  of  a  micro¬ 
wave  preamplifier  may  be  necessary  if  a  low  receiver  noise  figure 
is  required.  Preamplification  may  be  necessary  particularly  where 
passive  diode  mixers  (  noise  figure  and  loss  typically  ~  8dB  )  are 
used.  However,  as  mentioned  in  Chapter  3»  it  should  be  noted  that 
PET  mixers  can  provide  noise  figures  (’presently  3  -  4cLB  noise  figure 
with  several  d3  gain  at  12GHz  )  for  which  preamplification  may.  not 
be  necessary.  For  simplicity  microwave  preamplifiers  have  net, 
therefore,  been  shown  in  the  subsequent  elements,  although  it  must 
be  noted  that  these  may  be  required  where  passive  mixers  are  used. 

Two  obvious  improvements  can  be  made  in  the  circuit  shown  in  Pig#  6.3. 
Firstly,  it  is  clearly  undesirable  to  provide  two  separate  microwave 
distribution  networks  for  the  reference,  locking  signal  and  for  the 
local  oscillator  signal.  In  the  pulsed  mode  of  operation,  these 
signals  are  not  required  simultaneously  and  thus  a  single  distrib¬ 
ution  network  may  be  used  for  both  signals.  Secondly,  it  is  undes¬ 
irable  to  position  the  phase  shifter  in  the  element  aperture  feed, 
since  irs  loss  will  both  reduce  the  transmitted  power  and  incren.se 
the  receiver  noise  figure.  Since  a  single  distribution  network  is 
again  used,  the  phase  shifter  may  again  be  placed  in  the  input  to 
the  element,  as  shown  in  Pig.  6<>4» 


Ch  transmission,  in  the  circuit  of  Pig.  6.4,  the  switch  is  used  to 
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apply  the  locking  signal  distributed  to  the  array,  at  angular 


X  is  the  wavelength 


d  is  the  inter-element  spacing. 


On  reception  we  wish  to  i'ind  the  value  of  plmse  shift  that  must 
now  he  applied  to  the  left  hand  element  to  form  the  receive  beam 
in  the  same  direction,  when  the  local  oscillator  frequency  is 

(a)  greater  than  the  transmitted  frequency  u)q  (  i.e.  OJq  +  U) . ), 

(b)  less  than  the  transmitted  frequency  (  i.e.  Wq  -Uk). 


3 


vi 


Consider  a  relative  phase  shift  +  applied  to  the  local  oscillator 
signal  of  the  left  hand  element  on  reception.  Taking  the  phase  of 
the  signal  received  in  the  right  hand  element  as  the  phase  reference, 
the  signals  received  from  direction© in  the  left  and  right  hand 
elements  may  be  expressed  as  , 


2rcdain0' 


Asin<U)0t  - 


and  Asin(  u)Qt) 


respectively,  where  A  represents  the  amplitude  of  the  received 
signal  voltages.  Taking  first  the  case  (a),  where  the  local  oscill¬ 
ator  frequency  is  greater  than  the  transmitted  frequency  the  voltages 
after  downconversion  are 


2rtdsin0 


KAsin  I  d)it  +  'Pr  + 


and  KAsin(o)^t) 


in  the  left  and  right  hand  elements  respectively,  where  the  factor 
K  represents  the  conversion  loss.  It  may  be  seen  that  these  voltages 
are  in  phase  when 


2rtdsin© 


*r  + 


•••6*3 
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Substituting  for  0  from  Eqn.  6.2  we  obtain 


•  •  0.4 


Secondly,  taking  the  case  (b)  where  the  local  oscillator  frequency 
is  less  than  the  transmitted  frequency,  the  element  voltages  after 
downconversion  are 


KAsin(  UK  t  -  2nd  sin  6  -  ip^)  and  KAsin(w^t) 

X 

in  the  left  and  right  hand  elements  respectively.  It  may  be  seen 
that  these  voltages  are  in  phase  when 


2redsin0 


giving,  as  before 


<P  =  0 
r 


*  -»t 


Thus  in  either  case,  the  sign  of  the  phase  shift  must  be  reversed 
between  transmission  and  reception  to  maintain  the  same  beam-point¬ 
ing  direction. 


The  addition  of  another  mixer  to  the  element  circuit  could  be  used 
to  provide  a  fixed  change  of  sign  of  the  local  oscillator  signal 
phase  (  i.e.  spectrum  inversion  )}  however,  the  expense  and  com¬ 
plexity  of  this  would  not  be  justified,  since  the  only  effect  of  the 
sign  reversal  requirement  is  to  impose  a  minimum  range  restriction 
corresponding  to  the  phase  shifter  switching  time.  As  described 


in  Chapter  2,  typical  switching  times  for  PIN  and  ferrite  phase 
shifters  are  ^Gns  -  2 [is  and  1  -  respectively.  7 -king  the 
minimum  pulse  width  as  twice  the  switching  tine  1^,  the  minimum  range 
is  given  by 


R 


man 


x  e 
s 


6.6 


Q 

where  c  is  the  velocity  of  propagation,  3  x  10  m/s.  Taking  a 

typical  value  of  X  as  Ills,  R  .  is  300m. 

s  ^  min 


It  must  be  borne  ir  mind  that  ferrite  phase  shifters,  which  generally 
exhibit  longer  switching  times,  are  often  non-reciprocal.  Since 
phase  switching  between  transmission  and  reception  will  then  be 
required  for  any  of  the  element  circuits,  the  same  minimum  range 
restriction  will  apply  in  all  the  cases  considered. 


6.2.2  Design  with  Several  Injection  Locked  Oscillator  Stages 


As  previously  noted,  the  limited  gain  available  from  single  injection 
locked  oscillator  stages  may  result  in  more  than  one  stage  being 
required  in  an  element  circuit,  particularly  if  it  is  desired  to  use 
solid  state  sources  to  generate  the  array  locking  and  local  oscill¬ 
ator  signals.  With  respect  to  the  circuit  shown  in  Fig.  6.4*  en 
additional  locked  oscillator  following  that  shown  could  clearly  be 
included  with  no  change  to  the  element  operation,  although  consider¬ 


ation  v.-ould  have  to  be  given  to  their  combined  phase  error.  If  only 
particularly  low  levels  of  locking  and  local  oscillator  signal  power 
were  available,  however,  it  is  of  interest  to  consider  an  element 
in  which  the  local  oscillator  signal  is  also,  amplified  within  each 
element,  as  shown  in  Fig.  6.6,  The  first  looked  oscillator  in  this 


eaemeiit  serves  to  am n j  cots 
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signal  for  transmission,  and  thus  operates  continuously.  The  second 
oscillator  which  is  operated  on  transmission  only  is  a  higher  power 
pulsed  source. 

Three  aspects  require  consideration  in  this  design. 

1)  The  minimum  range  of  the  radar  will  be  dependent  on  the  time 
required  for  the*  element  to  switch  from  transmission  to  reception 
modes.  In  addition  to  the  phase  shifter  switching  time,  the  time 
required  for  the  locked  oscillator  to  change  frequency  must  now 
also  be  considered. 

2)  Consideration  must  now  be  given  to  the  additional  noise  intro- 
duced  on  the  local  oscillator  signal  by  tthe  locked  oscillator. 

3)  Phase  errors  introduced  by  the  locked  oscillator  will  now  have 
an  effect  on  both  transmission  and  reception. 

Minimum  flange  Restrictions  due  to  the  Locked  Oscillator  Response  Time 

The  time  required  for  an  injection  locked  oscillator  to  respond  to 
a  sudden  change  of  frequency  of  the  locking  signal  may  be  obtained 
from  the  theory  for  the  acquisition  transient  previously  described 
in  Chapter  4.  For  the  case  in  which  the  locking  signal  is  applied 
after  steady  state  oscillations  are  established,  the  approximate 
worst  case  acquisition  time,  corresponding  to  an  initial  phase  error 
close  to  the  unstable  equilibrium  position,  was  given  in  Chapter  4 
as 


t 


10 

4“i 


where  is  the  looking  range  (  i.e.  half  the  synchronisation 


range  ) „  The  reference  locking  signal  arid  the  local  oscillator 
signal  for  the  ar>~'y  will ,  in  general,  bo  derived  from  separate 
svritched  sources,  and  assuming  rapid  a  ./itching,  the  form  of  the 
locked  oscillator  transient  will  be  the  same  as  that  for  acquisition. 
Taking  a  worst  case.  time  for  the  oscillator  to  reloci:  to  the  locking 
or  local  oscillator  signal  as  10/  AUh ,  and  assuming  the  minimum 
pulse  length  is  twice  this  value,  the  minimum  range,  using  Eqn.  6.6 
is  given  by 


R  . 


min 


10c 

AwL 


From  Eqn.  4.3 


6.7 


Hence  Eqn.  6.7  becomes 


The  variation  of  minimum  range  with  locking  gain  for  various  values 
of  Q  is  shown  in  Fig.  6.7.  Noting  that  values  of  locking  gain 
greater  than  ~10dS  cannot  be  used  (a)  since  the  oscillator  locking 
range  must  be  large  enough  to  contain  both  the  transmission  and 
local  oscillator  frequencies  and  (b)  to  restrict  the  variation  of 
phase  error  between  elements,  it  may  be  seen  from  the  figure  that 
the  restriction  on  the  minimum  range  due  to  the  locked  oscille.tor 
response  time  is  much  less  than  that  due  to  typical  phase  shifter 
switching  times. 
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Since  these  levels  for  typical  solid  state  sources  will  often  be 


great  <.-r  t’.rm  tho.,o  present  cn  r.  local  oscillator  r,ign,.l  derive 


from  c.  low  noise  (  e.g.  crystal  controlled  )  source  the  effeci 


of  tne  increased  noise  level  must  be  considered. 


It  may  be  noted  initially  that  the  FM  noise  present  on  the  local 


oscillator  input  to  the  mixer  will  not  alone  give  a  dovmconverted 


noise  output.  In  simple  terms  it  may  be  considered  that  only  a 


single  frequency  is  present  at  any  instant  and  mixing  with  itself 


(  with  no  delay  )  will  only  produce  DC  and  harmonic  terms.  I’M  noise 


present  on  the  local  oscillator  signal  will,  however,  produce  equiv¬ 


alent  FM  noise  sidebands  on  the  downconverted  received  signal.  If 


low  frequency  components  of  the  FM  noise  produce  pulse  to  pulse- 


phase  variations  on  the  downconverted  signal,  it  is  clear  that 


these  may  be  confused  with  those  produced  by  target  motion.  It  is 


therefore  desirable  to  minimise  the  I’M  noise  within  the  range  of 


possible  Doppler  shifts.  As  previously  noted  in  Chapter  4»  when 


Oj  Aw  ,  Eqn,  6.11  reduces  to 


m  ^ 


N\  I’M 


( Awr)< 


C/  SSB 


Thus  for  W  <^T  Aw,  the  locked  oscillator  takes  on  the  I'M  noise 
m  ^  h 


character  of  the  locking  source,  which  may  then  be  designed  to  be 


of  a  low  level. 


AM  noise  terms  present  on  the  oscillator  output  will  produce  a 


downconverted  signal  at  the  desired  intermediate  frequency  due  to 


rectification.  The  downconverted  noise  level  may  be  minimized 


by  the  use  of  a  balanced  mixer  which  will  typically  produce  a  down- 


•■onverted  noise  power  20dB  below  the  input  noise  power  in  a  given 


bandwidth.  The  downconverted  noise  power  will  appear  on  the  element 
output  in  addition  to  that  predicted  by  the  receiver  noise  figure 
and  thus  may  necessitate  an  increase  in  the  gain  of  a  possible 
preamplifier  to  preserve  the  desired  element  signal  to  noise  ratio. 
Taking  typical  figures  for  a  ‘iOGHz  Gunn  oscillator  with  noise  measure 
of  35d3,  output  .power  of  -,Om77  and  locking  Q  (  ^  loaded  Q  )  of  100, 
Eqn.  6.9  gives  the  AM  noise  to  carrier  ratio  in  IKHz  bandwidth  at 
frequency  60?.[Hz  from  the  carrier  as  -120d3.  Assuming  20dB  loss 
is  introduced  by  a  balanced  mixer  this  gives  a  downconverted  noise 
power  at  the  mixer  output  of  -130dBm  in  IKHz  bandwidth.  This  must 
then  be  compared  to  the  noise  power  at  this  point  derived  from  the 
conventional  noise  figure  calculations >to  determine  the  value  of 
preamplifier  gain  required. 

Two  final  points  regarding  the  effects  on  noise  require  comment. 
First,  the  AM  noise  outputs  of  the  array  locked  oscillators  will  not 
exhibit  any  correlation  from  element  to  element  and  thus  in  the 
combiner  the  downconverted  noise  powers  will  add  only  in  r.m.s. 
fashion,  as  described  in  Chapter  5«  Secondly,  if  a  power  splitter 
or  directional  coupler  is  used  to  replace  the  switch  in  Fig.  6.6, 
consideration  must  also  be  given  to  the  AM  noise  entering  the  mixer 
via  the  leakage  path  around  the  circulator.  The  use  of  a  T/R  switch 
would  clearly  avoid  the  problem. 

As  previously  described,  the  values  of  phase  error  within  the 
linear  region  (  sin<P  ~  )  2qn.  4.144  may  be  used  to  find  the 

permissible  spread  in  values  of  oscillator  free  running  frequency 
given  a  maximum  acceptable  value  of  variation  in  phase  error  between 
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elements.  The  first  locked  oscillator  in  the  circuit  of  Pig,  6,5 
must  be  ;  bio  to  ivc’.  to  both  t.  »  •'.<  insuiti  • :  :  .'id  vh*-  ;>j,  :  oscillator, 
frequencies  and  phase  error  will  be  introduced  onto  both  of  these 
signals.  As  long  an  the  ph'se  errors  in  both  cases  are  within  the 
linear  region,  ho;  over,  3qn.  4.144  may  still  be  applied.  It  may  be 
noted  that  the  absolute  values  of  phase  error  introduced  on  trans¬ 
mission  and  reception  may  be  significantly  different  (  e,g.  20  -  30°  ) 
but  if  the  errors  are  the  same  for  all  elements  there  will  be  no  effect 
on  the  array  radiation  pattern. 


Since  the  rate  of  change  of  phase  error  with  detuning  Aw  increases 

> 

rapidly  outside  the  linear  region,  it  is  clear  that  a  large  value 
of  locking  range  should  be  used  for  the  first  oscillator  to  bring 
both  the  locking  frequencies  into  the  linear  phase  error  region. 

Prom  Eqn.  4. 3  this  implies  the  use  of  both  lo»,  locking  gain  and  low 
Q  for  this  oscillator. 


Experiments  Justifying  the  Minimum  Pulse  V/idth  Relation 


Some  simple  experiments  were  carried  out  with  a  single  element  to 
demonstrate  the  feasibility  of  the  design  shewn  in  Pig,  6.60 


The  element  circuit  used  is  shown  in  Fig,  6.8.  For  simplicity  the 
second,  pulsed  oscillator  was  omitted  from  the  circuit,  as  was  a 
microwave  preamplifier  proceeding  .he  passive  nixer,  since  the 
principal  desire  was  to  examine  only  the  behaviour  of  the  first  locked 
oscillator  with  the  frequency  switched  locking  signal.  Again  for 
simplicity,  a  directional  coupler  was  used  instead  of  a  switch  to 
couple  some  of  the  locked  oscillator  output  power  to  the  mixer  local 
oscillator  input.  The  element  thus  radiated  continuously  in  this 
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The  locking  source  took  the  fom  of  a  iOrf.7  varactor  tuned  Gunn 
oscillator  (  Karconi  type  6069  )  in  these  simple  experiments,  A 
pulse  applied  to  the  varactor  of  thi3  oscillator  was  used  to  change 
the  locking  signal  frequency  between  transmission  and  reception. 

The  same  oscillator  type  was  also  used  as  the  element  source, 
providing  lOmW  output  power  at  a  frequency  ~  10GHz. 

The  operation  of  the  experimental  circuit  may  he  most  simply  explained 

with  reference  to  Pig,  6,9,  At  time  t^  the  locking  source  varactor 

voltage  shown  in  (a)  is  low.  The  locking  signal  frequency  (b)  is 

f^  and  assuming  this  is  within  the  synchronisation  range  of  the  locked 

oscillator,  the  output  frequency  of  this  oscillator  (c)  will  also 

be  f^ .  A  signal  at  this  frequency  is  thus  radiated  and  also  applied 

to  the  mixer  local  oscillator  input.  Assuming  no  target  echoes  at 

frequencies  other  than  f^  are  received  at  this  time,  there  will  be 

no  mixer  output  at  the  I.F.  frequency  other  than  noise.  At  time  t^ 

a  pulse  of  duration  X  is  applied  to  the  locking  source  varactor,  with 

amplitude  resulting  in  a  change  of  the  locking  signal  frequency  to 

f„.  With  a  maximum  response  time  given  approximately  by  10/ Aw 

i  h, 

the  locked  oscillator  will  follow  the  step  change  in  frequency,  assum¬ 
ing  fg  is  also  within  the  oscillator  synchronisation  range.  With 
the  local  osciliator  frequency  at  f^  an  IP  output  at  frequency  f^  -  f^ 

will  be  produced  for  approximately  the  pulse  length  X  due  to  target 
returns  of  the  signal  previously  radiated  for  a  long  period  at  f  * 

At  the  end  of  the  pulse  the  looking  signal  and  locked  oscillator 
frequencies  return  to  value  f^ ,  and  mixer  I?  output  pulses  will  then 
be  produced  at  any  subsequent  time  corresponding  to  round  trip 
delays  to  possible  targets,  of  the  radiated  pulse  of  frequency  f^« 
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The  IP  output  will  then  be  as  shown  in  Pig.  6.9  (e). 


In  the  experimental  element  ?  =  9»836GHz.  A  value  of  was  chosen 
to  give  an  intermediate  frequency  of  60MHz,  suitable  for  use  with 
the  available  IP  amplifiers,  i.e.  =  9*896  GHz.  V/ith  the  element 
oscillator  locking  Q  of  170,  a  low  value  of  locking  gain  was  required 
to  give  a  synchronisation  range  large  enough  to  encompass  both 
frequencies.  A  locking  gain  of  5dB  was  used,  yielding  a  synchronisation 
range  of  «  64MHz  for  an  output  power  of  l0mV7  and  a  locking  power  of 
3.1mW.  It  may  be  noted  that  in  a  practical  array  with  MIC  elements, 
oscillator  Qs  much  less  than  170  would  be  used  (  e.g.  typically  10  -  20  ), 
thereby  providing  considerably  higher  values  of  gain  for  the  same 
synchronisation  range.  Hie  maximum  oscillator  response  time,  approx¬ 
imated  by  10/Awl  (  N.B.  Au>l  =  Aw Jl  )  was  &  50ns. 


Assuming  a  noise  measure  Nq  of  35dB  for  the  Gunn  oscillator,  and 
ambient  temperature  T  of  273 °K  the  AM  noise  to  carrier  ratio  at 
60MHz  from  the  carrier  with  the  rather  larger  receiver  bandwidth  of 
20MHz  was  calculated  from  Eqn.  6,9  to  be  -  79dB.  With  respect  to  1W, 
the  AM  noise  power  in  this  bandwidth  is  -  33&E3,  In  the  experimental 
circuit,  in  which  a  3ingle-balanced  mixer  was  used  (  Anaren  type  7A0128  ) 
the  AM  noise  accompanying  the  leakage  in  the  reverse  direction  around 
the  circulator  would  have  produced  a  higher  level  of  downconverted 
noise  than  that  present  on  the  local  oscillator  signal,  since  there 
was  no  suppression  of  noise  on  the  *  signal  1  input  to  this  mixer. 

For  a  circulator  leakage  level  of  -  20cL3  relative  to  the  transmitted 
power,  the  AM  noise  power  due  to  the  locked  oscillator,  appearing 
at  the  mixer  input  was  -  119dS'.7  in  20MHz  bandwidth.  This  was  of  the 
same  order  as  that  referred  to  this  point  after  calculation  of  vhe 


usual  receiver  noise  figure.  Taking  a  mixer  noise  figure  and  gain 
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of  8dB  and  <>155  respectively,  a  preamplifier  noise  figure  and  gain 
of  4d3  and  20uD  respectively,  and  a  :.iain  amplifier  noise  figure  and 
gain  of  I0u3  and  5^d3  respectively,  gives  an  overall  noise  figure 
of  13«5d3.  The  noise  pov/er  referred  to  the  input  is  then  -  117.5dB’7« 

The  experimental  results  obtained  with  the  element  are  shown  in 
Pig.  6.10(a)  and  (b).  The  photographs  show  radar  operation  of  the 
single  element  against  a  building  target  at  a  range  of  300m.  In 
both  cases  the  upper  trace  shows  the  voltage  pulse  applied  to  the 
varactor  of  the  locking  source,  producing  a  frequency  step  of 
60MHz  on  the  locking  line.  The  lower  traces  show  the  element  IP 
outputs,  which  are  similar  to  that  sketched  in  Pig.  6.9(e).  The 
expected  60I.!Hz  pulsed  output  at  approximately  2|is  delay  may  be 
clearly  seen.  The  pulse  length  used  in  the  upper  photograph  is 
0.5|os;  in  the  lower  photograph  the  pulse'  length  is  reduced  to  100ns, 
demonstrating  that  operation  down  to  pulse  lengths  equal  to  twice 
the  locked  oscillator  maximum  response  time  (50ns)  nay  be  achieved. 
Taking  the  measured  value  of  signal  return  loss  of  -  80dB  (  path 
loss  +  reflection  loss  )  the  S/N  ratio  calculated  on  the  basis  of 
the  above  noise  theory  should  be  I7«5d3.  This  is  in  reasonable 
agreement  with  the  measured  value  of  15dB. 

Application  of  the  Harmonic  Lockinr  Technique 

Finally  in  this  section,  the  use  cf  the  harmonic  locking  technique 
to  the  design  of  Pig.  6,6  must  be  mentioned.  The  harmonic  locking 
technique  was  described  in  Chapter  2  and  is  based  on  the  fact  that 
the  output  phase  of  an  oscillator  injection  locked  to  a  signal  at 
the  nth  harmonic  of  the  output  fundamental  -frequency  may  take  one 
of  n  possible  values  with  respect  to  a  fixed  phase  reference.  The 
harmonically  locked  oscillator  cay  therefore  be  used  as  a  digital 
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phase  shifter  when  the  phase  position  of  the  output  can  be  controlled* 

The  use  of  microwave  harmonic  locking  in  an  active  transmitting 
array  was  described  by  Al-Ani  et  al^4)  .  Ch  transmission  the  use 
of  harmonic  locking  is  straightforward  ;  the  harmonically  locked 
oscillator  simply  replaces  the  conventionally  locked  element  source, 
the  locking  signal  now  being  at  the  nth  harmonic  of  the  element 
output*  On  reception  a  harmonically  locked  oscillator  clearly 
cannot  be  included  in  the  signal  path,  and  thus  to  provide  reception 
phase  shifting,  the  phase  shifts  present  on  a  harmonically  locked 
oscillator  output  must  be  induced  on  the  received  signal,  via  a 
mixing  process. 

The  element  design  shown  in  Pig.  6.6  is  particularly  suitable  for 
the  use  of  harmonic  locking.  The  harmonically  locked  oscillator 
now  replaces  the  first  locked  oscillator  and  the  phase  shifter. 

The  element  locking  signal  will  now  be  at  the  nth  harmonic  of  the 
transmitter  frequency  on  transmission  and  at  the  nth  harmonic  of  the 
desired  local  oscillator  frequency  on  reception. 

Phase  switching  times  of  ~  40ns  have  been  reported  from  a 
harmonically  locked  oscillator  thus  no  increase  in  the  minimum 
range  would  be  expected  from  the  use  of  this  technique. 

Although  attractive  in  that  .he  conventional  microwave  phase  shifter 
is  avoided,  the  harmonic  locking  technique  suffers  from  two  draw¬ 
backs  :  (l)  immediately  after  switch-on  or  after  a  disturbance, 

the  output  phase  state  of  the  oscillator  will  be  unlTiOvm.  It  will 
therefore  be  necessary  either  to  monitor  the  oscillator  output 
phase  continually,  or  periodically  relock  the  oscillator  at  its 
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fundamental  frequency  to  re-eatablish  a  known  phase  state*  (2)  the 
size  of  the  phase  increment  produced  by  ;n  injection  locked  oscillator 
is  given  by  360/n  degrees,  where  n  is  the  harmonic  number.  To  prov¬ 
ide  3  tit  phase  shifting  (  45°  increments  )  will  require  locking  to 
the  8  harmonic  $  to  provide  4  hit  phase  shifting  will  require  looking 
to  the  l6th  harmonic.  If  4  bit  phase  control  is  required  in  a  10GHz 
array,  a  reference  signal  ait  l60GKz  will  need  to  be  distributed  to 
the  array.  This  would  clearly  be  very  difficult  and  thus  the  harmonic 
locking  technique  applied  directly  at  microwave  frequency  will 
generally  be  only  applicable  to  low  microwave  frequency  arrays. 

ia  Conclusions  * 

Injection  locking  represents  a  simple  and  straightforward  means  of 
oscillator  synchronisation.  Its  main  drawback  stems  from  the  level 
of  phase  error  that  will  be  introduced  by  the  inevitable  spread  in 
the  values  of  free  running  frequency  that  will  exist  in  an  array 
of  sources.  To  minimize  the  variation  in  phase  between  elements 
only  low  values  of  locking  gain  (  of  the  order  of  that  obtainable 
from  single  stage  microwave  amplifiers  )  can  be  used.  Higher  gains 
may  be  obtained  only  when  particular  care  is  taken  to  reduce  the 
spread  of  detuning  e.g.  by  temperature  stabilisation  of  the  array, 
or  the  use  of  feedback  techniques  such  as  that  sho-wn  in  Figs,  4.4 
and  4.5* 

Of  the  element  designs  considered  in  this  Chapter,  that  of  Fig.  6.2 
is  the  most  attractive  where  a  microwave  combining  netv/ork  is  used, 
and  that  of  Fig.  6,4  the  most  attractive  for  an  IP  combining  network. 
Although  the  sign  of  the  phase  shift  must  be  reversed  between 
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transmission  and  reception  in  thin  design*  this  is  not  seen  aa  a 


d  1  cabling  pro's! an . 

In  all  the  designs  microwave  phase  shifts  ",  are  required,  although 
it  was  noted  that  the  harmonic  locking  phase  shifting  technique 
could  be  adopted  with  the  circuit  of  Pig.  6.6  for  relatively  low 
microwave  frequency  applications. 

The  circuit  of  Pig,  6.6  is  suitable  for  the  special  case  where  the 
locking  signal  and  local  oscillator  inputs  to  the  element  are  both 
at  low  level  and  require  amplification  within  the  element.  The 
experimental  results,  some  of  which  are  also  described  in  reference 
(50)  f  have  demonstrated  the  feasibility  of  this  approach  for  a 
single  10GHz  element. 
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7.4  Generation  of  the  Microwave  Reference  Signal  within  the  SLement 

7.5  Conclusions 


M  Introduction 


In  contrast  with  the  last  chapter,  in  which  element  designs  based 
on  the  use  of  injection  locked  element  sources  were  described,  in 
this  chapter  attention  is  given  to  elements  based  on  the  use  of 
phase-locked  loops 0  The  points  raised  in  section  6.0.1,  however, 
concerning  the  general  approach  to  the  active  element  design, 
also  apply  to  this  chapter. 

Elements  can  be  formed  using  either  a  straightforward  FLL  with  a 
single  input,  or  with  a  heterodyne  loop  ;  however  those  based  on 
the  latter  have  the  attraction  of  offering  IF  control  of  the 
element  phase  and  thus  these  are  given  more  attention.  A  number  of 
element  designs  based  on  the  HELL  are  possible  and  these  are  described 
in  turn.  The  relative  merits  of  the  designs  are  considered  in  the 
chapter  summary. 

Reference  is  made  to  the  summary  at  the  end  of  Chapter  4  for  a  review 
of  the  characteristics  of  phase-locked  loops. 


Active  Elements  based  on  the  Simple  FLL  with  Single  Int 


The  simple  FLL  in  which  there  is  only  a  single  microwave  locking 
signal  input  may,  in  most  cases,  be  used  as  a  direct  replacement 
for  the  injection  locked  oscillator  in  the  designs  considered  in 
the  last  chapter.  Only  the  circuit  of  Fig.  6.1  is  unsuitable,  since 
the  single  circulator  in  this  case  was  used  both  to  decouple  the 
input  and  output  signals  of  the  locked  oscillator  and  also  to  isolate 
the  inactive  oscillator  from  the  received  signal  path  on  receptioxi. 
The  use  of  the  simple  ELL  in  the  two  circuits  of  most  interest  in 
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Chapter  6  is  shown  in  Pigs.  7«1  and  7*2.  A 'directional  coupler  is 
used  in  these  designs  to  sample  a  fraction  of  the  VCO  output  for 
the  loop  feedback  signal,  The  maximum  coupled  power  required  is  only 
of  the  order  of  a  few  mW  where  passive  diode  mixers  are  used,  and 
this  will  generally  be  only  a  very  small  fraction  of  the  total  VCO 
output  (  e.g.  tens  of  Watts  ).  The  reference  signal  power  required 
at  each  element  will  similarly  be  of  the  order  of  a  few  mW. 


Clearly,  the  factors  considered  in  Chapter  6  with  regard  to  these 

circuits,  concerning  losses,  and  frequency  and  phase  switching 

between  transmission  and  reception  also  apply  when  PLLs  are  used. 

> 

The  main  advantages  of  the  use  of  His  in  these  cases  are  related 
to  the  higher  locking  gain  that  may  be  used,  and  the  lower  variation 
in  element  phase  due  to  differences  in  the  source  free-running  fre¬ 
quencies.  The  designs  are  still  restricted  to  use  with  microwave 
phase  shifters  however,  and  the  designs  described  in  the  following 
sections  based  on  the  heterodyne  PLL  are  generally  more  attractive. 


7.2  Active  Elements  Based  on  the  Heterodyne  Phase-locked  Loot 


The  attraction  of  the  HFL1  lies  in  its  ability  to  provide  phase  control 
of  the  microwave  VCO  output  simply  via  the  phase  of  the  IP  input  j 
phase  shifts  applied  to  the  IF  reference  input  transfer  directly 
(  though  with  a  possible  change  of  sign  )  to  the  microwave. output. 

An  I?  phase  shifter  is  thus  used  to  replace  the  conventional  micro- 
wave  type  for  electronic  beam  steering  in  the  following  element  designs. 


There  are  several  advantages  in  the  use  of  IP  phase  shifters, 
l)  The  high  cost  of  PIN  and  ferrite  microwave  phase  shifters  was 
previously  noted  in  Chapter  2,  and  is  demonstrated  by  the  very  small  ■ 
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number  of  phased  arrays,  active  and  passive,  that  have  reached  a 
production  sta,^c  of  deveJ  oj.ajcnto  IF  phase  shifters,  which  are 
often  based  on  low  frequency  implementations  of  the  hybrid  coupled 
phase  shifter  described  in  Chapter  2,  will  in  general  be  simpler  to 
manufacture  and  hence  be  less  expensive  than  microwave  types.  A 
novel  IP  phase  shifter,  particularly  suited  for  use  in  these  elements 
and  which  should  also  be  of  relatively  low  cost  is  described  in 
Chapter  8. 

2)  Lower  amplitude  and  phase  tolerances  should  be  obtainable  with 
an  IP  approach.  It  was  shown  in  Chapter  5  that  the  radiation  pattern 
sidelobe  level  of  an  array  is  related  to  the  level  of  amplitude 

and  phase  errors  existing  on  the  elements.  A  lower  sidelobe  level 
may  then  be  possible  with  IP  phase  shifters, 

3)  The  drive  power  required  for  IP  phase  shifters  should  generally 
be  significantly  less  than  that  required  for  HP  types. 


In  all  the  designs  considered,  the  use  of  an  IF  combining  network 
has  been  assumed.  The  advantages  of  this  were  discussed  in  section  6.2, 
but  an  additional  factor  influencing  the  decision  in  this  case  is 
that  an  IP  feed  network  must  be  provided  on  transmission  for  the 
distribution  of  the  IP  reference  signal  to  the  elements  ;  in  many 
cases  it  will  be  possible  to  use  a  single  network  to  also  act  as  an 
IP  combining  network  on  reception. 


Design  y/ith  Separate  Phase  Shifters  for  Transmission  and  Reception 


A  first  approach  to  the  inclusion  of. a  HTTiL  in  a  trrnpmit  and  receive, 
active  element  could  take  the  form  shown  in  Fig.  7o3°  The  HPLL  is 
used  to  synchronise  the  VCO  to  the  sun  or  difference  of  the  two 
reference  input  frequencies  at  co^  and  W^.  Since  it  is  undesirable 
that  two  possible  locking  conditions  should  exist  simultaneously, 
the  tuning  range  of  the  VCO  is  restricted  in  practice  to  cover  only 
one  of  these.  The  required  power  of  each  of  the  reference  signal 
inputs  to  the  element  is  of  the  order  of  a  few  m iW.  An  IP  phase 
shifter,  placed  in  the  IP  input  to  the  element,  is  used  to  provide 
phase  control  of  the  VCO  output  for  beam  steering. 


Ch  reception,  a  separate  mixer,  preamplifier  and  phase  shifter  are 
included  in  the  element.  Where  passive  mixers  are  used,  microwave 
preamplification  may  again  be  required,  but  for  simplicity  this  is 
again  not  shown.  The  microwave  reference  locking  signal  is  now  conven¬ 
iently  used  also  as  a  local  oscillator  signal  for  reception  with  no 
change  of  frequency  required.  The  downconverted  IF  output  of  the 
element  is  then  at  the  same  frequency  as  the  IP  reference  signal. 


Since  amplification  is  provided  within  the  element  or.  transmission 
and  reception,  feed  network  losses,  both  HP  and  IF,  will  not  be  of 
first  importance  here. 


Design  with  a  Single  Phase  Shifter  and  IF  Feed  Network. 


Since,  in  the  pulsed  mode  of  operation,  the  separate  phase  shifters 
and  feed  networks  shown  in  Fig.  7.3  are  not  used  simultaneously,  a 
clear  reduction  in  the  circuit  complexity  and  cost  can  be  achieved 


by  using  a  single  phase  shifter  and  feed  network  for  both  transmission 
and  reception.  This  circuit  is  shown  in  Fig.  7.4°  The  switch  is 
used  to  apply  the  phase  shifted  IF  reference  signal  to  the  KPLL  on 
transmission,  and  connects  the  element  IF  output  to  the  phase  shifter 
and  summing  network  on  reception. 


The  performance  of  this  element  will  clearly  be  very  similar  to  that 

of  Fig.  7.3,  except  that  a  minimum  range  restriction  may  now  be 

present  associated  with  the  switch  transient  time.  It  is  clearly 

of  interest  to  ascertain  whether  the  phase  shifter  setting  must 

also  be  changed  between  transmission  and  reception  since  the  switching 

> 

time  required  for  this  can  also  effect  the  minimum  range.  The  analysis 
below  follows  the  same  lines  as  that  given  in  Chapter  6,  section  6.2.1. 


Consider  the  two  element  array  shown  in  Fig.  7«5  where©  ,  the  steering 
angle,  is  measured  clockwise  from  the  broadside  direction.  With 
reference  to  Chapter  4  it  was  previously  noted  that  with  the  VCO  of 
a  HHjL  synchronised,  to  the  sum  of  the  microwave  and  IF  input  frequen¬ 
cies,  a  phase  shift  +9  applied  to  the  IF  input  will  result  in  a  phase 
shift  +9  on  the  VCO  output  ;  with  the  VCO  synchronised  to  the  diff¬ 
erence  of  the  input  frequencies,  a  phase  shift  +9  applied  to  the  IF 
input  will  result  in  a  phase  shift  -9  on  the  VCO  output.  Taking 
first  the  case  for  sum  frequency  synchronisation,  consider  a  phase 
shift  +  9^,  applied  to  the  IT  nput  of  the  left  hand  element  on 
transmission.  The  VCO  output  of  the  left  hand  element  at  frequency 
+  Wg  will  similarly  be  phase  shifted  by  +  9m  ,  resulting  in 
in-ph3se  addition  of  the  element  outputs  (  ignoring  any  phase  errors 
present  in  the  elements  )  in  a  direction 
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Fig.  7.5  A  Two  Element  Array  Used  to  Determine  Beam  Steering 
Angles 
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wnere  X  is  the  free  space  wavelength 
and  d  is  the  interelement  spacing. 


We  now  wish  to  find  the  phase  shift  9^  that  must  be  applied  to  the 
left  hand  element  to  give  the  same  beam  pointing  direction  on 
reception.  Taking  the  phase  of  the  signal  received  in  the  right 
hand  element  as  a  reference,  the  signals  received  at  frequency 
0^  +  go g  from  direction©  in  the  left  and  right  hand  elements  respect¬ 
ively  are 


A  sin  ((o^  +  U3g)t  - 


2nd  sin© 


and  A  sin 


(w1  +W2)  t 


where  A  represents  the  signal  amplitudes. 

After  mixing  with  a  lpcal  oscillator  signal  at  frequency  vdth  an 
assumed  zero  phase,  the  downconverted  and  amplified  signals  within 
the  elements,  now  at  frequency  (hg  are 


AK  sin  Wgt 


2rcdain© 


and  AKsin(ld2t) 


in  the  left  and  right  hand  elements  respectively.  The  factor  K 
represents  the  overall  mixer/amplifier  gain.  After  phase  shift 
+9fl  is  applied  to  the  left  hand  element  output  we  have 


AK  sin  Wgt 


2rcdsin© 


+  9^  and  AKsin(to2t) 


These  signals  are  in-phase  when 


-  2irdsin  © 


+  VPR  " 


►  •  ♦  •  7*2 


2roi3in0 


Thus  no  change  of  sign  is  required  between  transmission  and  recept¬ 


i 


ion  in  this  case  to  maintain  the  same  beam-point? nr-  direction* 


Taking  secondly  the  case  for  difference  frequency  synchronisation, 
a  phase  shift  +'<p^  applied  to  the  IF  input  of  the  left  hand  element 
on  transmission,  will  produce  on  the  VCO  output  a  phase  shift  - 
The  VCO  outputs  will  be  in-phase  in  a  direction 6  given  by 


i.e.  in  a  direction  exactly  opposite  broadside  from  that  obtained 
before. 


Wo  wish  now  to  find  again  the  phase  shift  that  must  be  applied  to 
the  left  hand  element  to  produce  the  same  beam-pointing  direction 
on  reception.  Following  the  same  procedure  as  before,  the  signals 
received  from  direction  9  given  in  Eqn.  7.4  in  the  left  and  right 
hand  elements  respectively  are 


2nd sin 9 

r  i 

Asin 

(W1  •  W2}t  -  x 

and  Asin 

(udj  ->  w2)  t 

where  again  the  phase  is  referred  to  that  of  the  signal  received 
in  the  right  hand  element. 

After  downconversion  and  amplification  v.e  obtain  in  the  left  and 
right  elements  respectively 


AKsin 


Wgt  + 


2ndsin9 

X 


and 


AKsin^t) 
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After  phase  shift  +  is  applied  to  the  signal  in  the  left  hand 


c .  cii'  ■  ■  \“o*ciin 


AKsin 


2rrdsin© 


(Pot  + 


<P 


and  AKsin  (w^t) 


These  signals  are  in  phase  when 


2rrdsin0 

V  — —  -  0 


i.e.  VP. 


-2rtdsin  9 


=  <P„ 


••••7.5 


i. 


M: 


Thus  as  before,  no  phase  shifter  switching  is  required  between 
transmission  and  reception.  The  only  limitation  on  the  minimum 
range  due  to  the  array  elements  is  thus  the  switch  transient  time, 
which  could  typically  be  down  to  a  few  tens  of  ns. 

Design  with  the  Phase  Shift  Induced  on  the  Received  Signal  by  Mixing 

This  design,  the  last  of  the  three  element  circuits  considered  in 
this  section,  is  applicable 

a)  where  it  is  desired  to  avoid  the  use  of  a  switch  (  +  associated 
drivers  )  within  the  element,  or  more  important 

b)  v/here  it  is  desired  to  use  a  uni-directional  phase  shifter,  in 
particular  the  harmonically  locked  PLL  phase  shifter  described  in 
Chapter  0. 

The  element  circuit  for  this  case  is  shown  in  Fig.  7*6.  On  transmiss¬ 
ion  the  TOO  is  synchronised  to  the  sum  or  difference  of  the  input 
signals,  as  before.  On  reception  the  signal  after  downconversion 
and  amplification  is  simply  mixed  with  the  phase  shifted  IF  reference 

sr.T.o.l,  producing  t4'?'  d r°d  r,h?r:o  ^hift  or.  thn  cutout  at  the. 
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sum  of  the  mixer  input  frequencies « 


Two  aspects  require  attention  in  this  design.  First  it  is  necessary 
to  establish  the  phase  shift  that  must  be  applied  to  maintain  the 
same  beam-pointing  direction  on  transmission  and  reception.  Secondly 
the  level  of  \mdooired  mixer  products  must  be  considered. 


A  full  analysis  of  phase  shifts  required  on  transmission  and  recep¬ 
tion  can  be  avoided  by  noting  the  similarity  between  this  circuit 
and  the  last  one  considered,  shown  in  Fig.  7.4.  Since  the  only 
difference  between  these  circuits  lies  in  the  use  of  a  second  mixer 
the  result  previously  obtained  i.e.  that  no  change  of  phase  is 
required  between  transmission  and  reception  for  either  sum  or  difference 
frequency  synchronisation,  will  also  be  true  for  this  circuit  if  no 
change  of  sign  is  introduced  by  the  second  mixer.  This  will  clearly 
be  the  case  when  the  sum  frequency  mixer  output  is  taken  as  the  element 
output  since  the  output  phase  is  simply  the  sum  of  the  two  input 
signal  phases. 


The  most  straig'  tforward  operation  of  the  circuit  will  be  when 
the  HF  and  IF  reference  signal  frequencies  remain  the  same  for  both 
transmission  and  reception.  For  RF  and  IF  reference  frequencies  co^ 
and  co g  respectively  the  downconverted  signal  on  reception,  neglecting 
any  Doppler  shifts,  will  be  Wg  and  hence  the  sum  frequency  output  of 
the  second  mixer  will  be  Since  practical  mixers,  in  addition 

to  the  desired  mixing  products,  elso  generate  harmonics  of  the 
input  signals,  care  must  be  taken  in  this  case  that  the  signal  output 
of  the  mixer  at  2CUg  is  not  obscured  by  the  second  harmonic  of  the 
local  oscillator  signal  also  generated  by  the  mixer. 


To  prevent  this  the  amplifier  preceding  the  second  mixer  must 
provide  sufficient  gain  to  amplify  the  minimum  detectable  signal 
in  the  element  to  a  level  at  the  output  greater  than  that  due  to 
local  oscillator  second  haimonic  generation.  To  illustrate  the 
magnitude  of  gain  typically  required,  consider  an  element  with 
simply  an  HF  mixer  (  i.e.  no  microwave  preamplification  )  of  8dB 
noise  figure  and  -  8dB  gain,  followed  by  an  IF  amplifier  of  noise 
figure  2dB  and  gain  G,  followed  by  the  IF  mixer  again  with  8dB 
noise  figure  and  -  8dB  gain. 

It  is  assumed  that  the  minimum  detectable  signal  in  the  element  is 
equal  to  the  element  noise  level  in  the > receiver  bandwidth,  taken 
in  this  case  as  10MHz.  (  It  may  be  noted  that  for  an  array  of  elemen 
the  minimum  detectable  signal  at  the  element  stage  is  in  fact  less 
than  the  element  noise  level  due  to  coherent  addition  of  the  signal 

powers  and  the  incoherent  addition  of  the  noise  powers.  This  fact 

.  * 

is  ignored,  however,  in  this  simple  calculation 

The  overall  noise  figure  of  the  element  F,  from  Frii's  formula  is 

0.585  5.3 

F  ■*  6.3  +  — — 4-  ■  ■  r  ..*.7.6 

0.158  0.1 58G 

33.5 

*»  10  +  — — 

G 

The  effective  noise  power  at  the  input  is  given  by 
kTB 

where  k  is  Boltzmann's  constant 
B  is  the  bandwidth 

and  T  is  the  equivalent  noise  temperature  at  the  input 
=  (F-l).290°K 
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At  the  second  mixer  output  the  noise  power  is 


.025GkTB 


*  10"16(9F  +  33.5)  Watts 


in  lOIfllz  bandwidth. 


Experimental  measurements  have  demonstrated  that  suppression  of 
the  local  oscillator  second  harmonic  output  of  up  to  60dB  may  be 
achieved  with  balanced  mixers  i.e0  the  second  harmonic  output  power 
is  60dB  below  the  local  oscillator  input  power. 


Assuming  a  typical  local  oscillator  power  of  5mW  and  60dB  suppression 

-9  _ 

the  second  harmonic  pov/er  at  the  output  is  5'  x  10  77.  This  is  equal 
to  the  output  noise  power  when 


(9G  +  33.5)  10"16  -  5  *  1(f9 


Thus  the  required  gain  in  this  case  is 


G  =  5.5  x  1<T 


67.4dB 


It  will  clearly  be  undesirable  to  include  such  high  levels  of 
amplification  within  each  array  element.  This  can  be  simply  avoided 
however,  by  providing  a  slight  frequency  charge  of  the  R?  input  on 
reception,  so  that  the  output  signal  and  local  oscillator  harmonic 
frequencies  are  no  longer  coincident.  The  gain  required  will  then 
be  simply  that  necessary  (  e.g.  20dB  )  to  prevent  significant 
degradation  of  the  element  noise  figure  by  the  mixer  losses. 


It  nay  be  noted  that  a  particularly  useful  feature  of  this  design 
is  t!  at  the  operating  frequency  of  the  phase  shifter  nay  be 
maintained  at  a  fixed  value.  The  frequency  change  between  transmission 
and  reception  mentioned  above,  and  also  the  linear  change  of  frequency 
required  on  transmission  for  FM  pulse  compression,  may  both  .be 
applied  via  the  RF  reference  signal.  The  IF  reference  frequency 
(  i.e.  the  phase  shifter  operating  frequency  )  may  thus  be  main¬ 
tained  at  a  fixed  value  for  transmission  and  reception.  Since  the 
phase  shifter  may  be  set  up  for  single  frequency  operation,  lower- 
phase  variations  between  elements  should  be  achievable  with  this 
design  compared  to  one  in  which  broadband  phase  shifting  is  required. 

In  the  circuit  of  Fig.  7^4  for  instance,  the  IF  phase  shifter  on 
reception  must  operate  over  a  range  of  received  frequencies,  e.g. 

10MHz  where  FM  pulse  compression  is  used.  If  an  IF  of  100MHz 
is  chosen  this  represents  a  requirement  for  a  consistent  phase 
shift  over  a  10J?  bandwidth,  which  may  be  difficult  to  achieve  in 
practice. 

Both  of  the  circuits  of  Fig.  7«4  and  7*6  are  thus  of  interest. 

The  circuit  of  Fig.  7.4  has  the  advantage  of  simplicity  and  requires 
only  a  single  IF  feed  network.  Its  disadvantages  are  that  switching 
is  required  within  the  element  between  transmission  and  reception, 
and  that  a  wide  bandwidth  phase  shifter  may  be  required.  The  circuit 
of  Fig.  7*6  has  the  advantages  of  permitting  a  uni-directional  phase 
shifter,  such  as  that  described  in  Chapter  8,  to  be  used,  and  also 
permits  the  phase  shifter  to  be  operated  at  a  single  frequency. 

Its  disadvantages  are  the  need  to  change  the  reference  frequency 
between  transmission  and  reception  in  order  to  avoid  the  leakage 
problem  }  the  loss  introduced  in  the  element  by  the  additional  mixer 
and  the  use  of  two  feed  networks,  although  in  practice  a  single  network 
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with  suitable  filtering  to  separate  the  IP  reference  and  the  received 
signals  would  probably  be  used. 

7.2.2  Element  Designs  with  a  Common  Signal  Path  for  the 

Downeonveraion  of  the  Loop  Feedback  and  the  Received  Signals 

With  the  aim  of  reducing  the  number  of  components  required  in  the 
element,  and  thus  the  element  cost,  it  is  of  interest  to  examine 
techniques  for  further  simplifying  the  designs  previously  considered. 
It  may  be  noted  in  each  of  the  three  previous  designs,  that  in 
pulsed  operation,  the  HP  mixer  used  to  down-convert  the  loop  feed¬ 
back  signal  is  inactive  on  reception  j  'Similarly  the  HP  mixer  used 
to  down-convert  the  received  signals  is  inactive  on  transmission. 
Element  designs  can  thus  be  considered  in  which  a  single  HP  mixer 
is  used  to  perform  both  functions.  A  number  of  circuits  using 
this  approach  are  possible,  as  described  below.  One  aspect  of  all 
these  circuits  is  that  mutually  coupled  signals  between  the  array 
elements  can  influence  the  HFLL  performance  on  transmission.  This 
aspect  is  examined  in  Section  7*3. 

Design  with  Separate  Transmit  and  Receive  Phase  Shifters 

A  first  approach  to  an  element  using  only  a  single  RF  mixer  is  shown 
in  Fig.  7.7.  This  is  essentially  a  simplification  of  the  circuit 
of  Pig.  7o3«  Cn  transmission  the  RF  and  IP  reference  inputs  are 
present  as  before.  The  feed-back  fraction  of  the  VCO  output,  prev  - 
iously  provided  by  a  directional  coupler,  is  now  provided  by  the 
leakage  in  the  reverse  direction  around  the  circulator,  thus  a 
usually  undesirable  feature  of  practical  circulators  is  used  here 
to  advantage.  The  leakage  power  is  typically  one  hundredth  of 
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that  passed  in  the  forward  direction  (  i.e.  -  20dB  relative  to  for¬ 
ward  power  ),  vac,-  rof ice  1 1.02.1  pc . ;c  ti  olo...c:.u  .-..j-rturea  {  e.g. 

dipoles,  or  open  ended  waveguides  )  may  in  fact  bo  at  a  similar 
power  level  and  thus  the  signal  appearing  at  RF  mixer  on  transmiss¬ 
ion  will  be  a  combination  cf  these  components.  This  feed-back 
signal  is  then  downconverted  to  IF  and  subsequently  applied  to 
the  phase  sensitive  detector  along  with  the  phase  shifted  IF  refer¬ 
ence  signalo  Thus  the  loop  is  completed  and  the  YCO  can  be  locked 
to  the  sum  or  the  difference  of  the  input  signals  as  before.  An 
IF  directional  coupler  is  used  to  apply  some  of  the  downconverted 
feedback  signal  to  the  PSD  since  this  is  a  simple  passive  component  ; 
a  SPOT  switch  could  alternatively  be  used  in  this  position  when  it 
is  desired  to  maximise  the  feedback  signal  applied  to  the  PSD  in 
order  to  increase  the  locking  range.  Also,  it  may  be  necessary  to 
remove  (  via  a  switching  arrangement  )  the  amplifier  from  the  down  - 
converted  signal  path  on  transmission, a  )  to  avoid  the  introduction 
of  the  amplifier  group  delay  into  the  HFLL,  since  this  will  reduce 
the  available  loop  bandwidth  as  described  in  Chapter  4,  and  b)  to 
avoid  the  recovery  time  often  required  for  amplifiers  operated  under 
saturated  output  conditions  before  normal  operation  is  re-established. 
Typical  recovery  times  measured  experimentally  with  a  type  SL550 
integrated  circuit  JF  amplifier  vie  re  of  the  order  of  several  (is. 

The  presence  of  an  amplifier  recovery  time  can  oet  an  additional 
constraint  on  the  minimum  radar  range. 

On  reception  the  VCO  is  inc;>. votive  and  the  reception  path,  consist¬ 
ing  of  the  downconverting  mixer,  amplifier  and  reception  phase 
shifter,  is  the  same  as  that  for  Fig.  7»3  neglecting  -.he  directional 
coupler  (  or  SPDT  switch,  if  this  is  used  instead  )« 
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Design  with  a  Single  Phase  Shifter  and  IF  Feed  Network  Used  on  Both 


I.:-.ic:2isaio.:  •, :  r.tc 


A  clear  reduction  in  the  element  cost  and  complexity  can  bo  made  by 
using  a  single  phase  shifter  and  IF  feed  network  for  both  transmission 
and  reception.  This  circuit  is  shown  in  Fig.  7.8  and  is  analogous 
to  that  given  in  Fig.  7«4.  On  transmission  the  switch  applies 
the  phase  shifted  IF  reference  signal  to  the  PSD  to  lock  the  element 
VC 0  ;  on  reception  the  switch  connects  the  amplifier  IP  output  to 
the  element  phase  shifter  and  IF  combining  network.  It  may  be  } 

noted  comparing  Figs.  7«4  and  7.8  that  the  phase  relationships 
betv/een  the  reference  inputs  and  the  VCO  output  on  transmission  are 
the  same  in  the  two  cases.  Similarly  the  relationship  between  the 
reference  signal  phases  and  the  IF  output  is  the  same  on  reception. 

The  result  previously  established  for  Fig.  7»4  therefore  also 
applies  to  this  design  i.e.  no  change  of  sign  of  the  phase  shift  is 
required  to  produce  the  same  beam-pointing  direction  on  transmission 
and  reception,  for  either  synchronisation  to  the  sum  or  difference 
of  the  reference  input  frequencies.  The  beam-pointing  direction 
in  these  two  cases  is  still  on  either  side  of  the  broadside  direction, 
however,  as  before. 

Design  with  a  Single  Phase  Shifter  Contained  T/ithin  the  HPLL 

I 

A  further  circuit  variation,  for  which  no  direct  count  or ;v„rr  was 
considered  in  the  section  on  circuits  containing  separate  RT  mixers, 
is  shown  in  Fig.  7*9.  The  single  IF  phase  shifter,  still  used  on 
both  transmission  and  reception,  is  now  placed  in  a  position  such 
that  it  is  within  the  HPLL  on  transmission.  On  reception  the  signal 
path,  including  downconverting  mixer,  amplifier  and  phase  shifter 
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is  the  sane  as  the  last  element. 


Tiie  loop  response  to  the  application  of  a  phase  shift  in  this  case 
may  be  illustrated  by  a  qualitative  description  of  the  loop  behaviour. 
Y/hen  the  VCO  is  locked  at  a  fixed  frequency  equal  to  the  sum,  or 
difference  of  the  two  reference  frequencies,  by  definition  a  certain 
fixed  value  cf  voltage  will  exist  at  the  VCO  frequency  control 
terminal.  By  implication  a  fixed  phase  relationship  will  therefore 
exist  at  the  PCD  between  the  IP  reference  input  and  the  downconverted 
feedback  signal.  If  a  phase  shift  +$  is  applied  to  the  downconverted 
feedback  signal  within  the  loop,  then  ir.  order  to  remain  locked,  the  VCO 
must  change  its  output  phase  by  an  amount  that  will  produce  an  equal 
and  opposite  phase  shift  on  the  downconverted  feedback  signal.  Hiis 
will  then  re-establish  the  required  phase  relationship  at  the  PSD. 

When* the  VCO  is  synchronised  to  the  sum  of  the  input  signals,  the 
VCO  output  frequency  is  greater  than  that  of  the  HP  reference  and 
the  downconverted  feedback  phase  is  directly  proportional  (  i.e.  with 
no  change  of  sign  )  to  the  VCO  phase.  Thus  a  phase  shift  -'P  intro¬ 
duced  in  the  loop  in  this  case  will  result  in  a  phase  lead  +*P  appear¬ 
ing  on  the  VCO  output. 


It  was  demonstrated  in  the  analysis  with  sum  frequency  synchronisa¬ 
tion  for  the  circuit  of  Pig.  7«4  however,  that  the  same  phase  shift 
must  be  applied  to  the  downconverted  received  signal  as  is  applied 
to  the  VCO  output  signal  to  give  the  Fame  beam-pointing  direction. 
This  will  clearly  not  occur  in  this  design  without  a  change  of  sign 
of  the  phase  shift  applied  between  transmission  and  reception.  This 
result  may  also  be  shovm  to  exist  for  the  case  of  synchronisation 
to  the  difference  of  the  reference  frequencies. 
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ELement  Desi/m  v/ith  the  Phase  Shifter  Contained  within 


Since  a  change  of  sign  of  phase  shift  is  required  in  this  element 


between  transmission  ::r- 1  reception,  end  in  addition  a*\\*  phase  shi 


group  delay  will  reduce  the  available  loop  bandwidth,  this  design 


is  considered  to  be  less  attractive  than  that  in  Fig.  7*8. 


Using  Two  IF  I'ixers  where  Phase  Shifts  are  Induced  on 


The  advantages  of  inducing  the  required  phase  shift  on  the  received 


signals  by  mixing  the  downconverted  signals  with  the  phase  shifted 


IF  reference  was  described  in  the  last  section.  A  uni-directional 


phase  shifter  may  be  used  and,  in  addition,  single  frequency  operation 


of  the  phase  shifter  is  possible.  The  use  of  this  approach  is  shown 


in  Fig.  7.10.  This  circuit  is  the  equivalent  to  that  shown  in  Fig. 


7.6  where  two  P?  mixers  were  used,  and  the  same  phase  relationship 


will  exist  i.e.  when  the  sum  frequency  product  of  the  right  hand 


IF  mixer  is  used,  there  i3  no  requirement  for  a  change  in  the  phase 


shifter  setting  between  transmission  and  reception.  Also  in  common 


with  the  circuit  of  Fig.  7»6  it  may  be  noted  that  when  the  reference 


signal  frequencies  are  the  same  on  transmission  and  reception,  the 


received  signal  may  be  obscured  by  the  second  harmonic  of  the  IF 


reference  signal  generated  by  the  IF  mixer.  As  before,  this  problem 


may  be  simply  overcome  by  changing  cne  of  the  reference  signal 


frequencies  on  reception  (  preferably  the  HF  reference,  since  a  single 


operating  frequency  can  then  be  maintained  for  the  I?  phase  shifter  ) 


the  IF  reference  signal  second  harmonic  and  the  received  signal  output 


frequency  will  then  not  be  coincident. 


Alternatively,  to  avoid  the  frequency  change  on  reception,  a  fixed 


frequency  offset  could  be  applied  to  the  IF  reference  within  the 
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The  experimental  arrangement  used  13  shown  in  Fig.  7»13«  No  limiter 
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was  a  vr.'v.otor  tv/:  .'  'o,  1?  Gunn  oscillator  (  I’ll  type  DA  8825G) 

which  was  basically  designed  for  C’tf  operation.  In  pulsed  mode  of 
operation  however,  a  peak  power  of  150m’"  at  10.52GHz  was  obtained 
for  Ipsoc  pulse  lengths  and  1 pulse  repetition  frequency.  This 
oscillator  type  was  also  used  for  the  experiments  on  the  BFLL 
described  in  Chapter  4.  The  pulsed  output  was  radiated  via  a  circu¬ 
lator  and  20aB  waveguide  horn  antenna.  The  circulator  leakage  level 
was  -  20cLB,  producing  at  the  RF  mixer  input  a  leakage  power  of 
1,5m\7  during  the  pulse.  Following  the  RF  mixer  (  Lorch  type  36a  ) 
the  downconverted  signals  were  amplified  in  a  40dB  gain,  2d3  noise 
figure,  integrated  circuit  amplifier  (  Plessey  type  SL550  )  before 
being  applied  to  the  IF  mixer  (  Hewlett-Packard  type  10534A  ),  along 
with  a  60I,Hz  IF  reference  signal.  At  the  mixer  output,  filters 
were  used  to  direct  low  frequency  outputs  back  to  the  VCO  varactor, 
via  an  8L541C  high  speed,  operational  amplifier,  whilst  the  output 
at  the  sum  frequency  was  applied,  via  further  amplification  and 
filtering  (  8MHz  bandwidth  )  to  an  oscilloscope.  For  simplicity  in 
these  experiments  the  IF  amplifier  following  the  RF  mixer  was  not 
disconnected  cn  transmission,  and  a  recovery  time  of  ~  Ips  was 
required  after  the  pulse,  before  normal  low  noise  operation  was 
re-established.  To  examine  the  problem  of  the  leakage  of  the  IF 
reference  signal  second  harmonic  from  the  IF  mixer,  the  reference 
signal  frequencies  were  not  ehan.ed  bet  .ten  transmission  anu 
reception-  'The  second  harmonic  leakage  and  the  received  signal 
output  of  the  IF  mixer  were  thus  both  at  120MHz. 

The  1201.1Hz  output  obtained  with  the  antenna  pointed  at  building 
targets  is  shown  in  the  upper  trace  in  Fig.  7.14  >  the  lower  trace 
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7.14  Oscilloscope  Trace 


shows  tho  bias  pulse  applied  to  the  VCO.  Fov  the  first  target,  for 

which  the  round  trip  delay  tine  is  ^2(js,  a  received  signal  power 

70dB  less  than  the  transmitted  power  was  obtained.  The  theoretical 

S/N  ratio  on  this  target  return,  that  would  be  obtained  without  the 

second  harmonic  leakage,  is  47d3,  assuming  8dB  noise  figure  and  -  8dB 

gain  for  the  circulator/RF  mixer  combination,  2dB  noise  figure  and 

40dB  gain  for  the  IF  amplifier  and  8dB  noise  figure  and  -  8dD  gain 

for  the  IF  mixer.  Due  to  the  second  harmonic  leakage  however,  the 

measured  value  was  only  l6.8cLB,  in  agreement  with  that  predicted 

theoretically  (  18.5dB  )  taking  into  account  the  measured  mixer 

second  harmonic  leakage  of  -  50dB  with  respect  to  a  5 mV/  input  power 

> 

at  60MHz.  V/ith  no  leakage  signal,  i.e.  with  the  IF  amplifier 
output  at  60MHz  applied  directly  to  the  oscilloscope  after  an 
8MHz  bandwidth  filter,  building  targets  at  ranges  up  to  5Km  range 
were  detected. 

LJ  The  Effect  of  Mutual  Coupling  in  the  Simplified  Element 
Design  Based  on  the  Heterodyne  Phase-Locked  Loop 

In  the  simplified  HPLL  element  designs  described  in  section  7*2.2, 
in  which  a  single  HF  mixer  is  used  both  on  transmission  and  reception, 
consideration  must  be  given  to  the  effect  on  the  element  behaviour 
of  the  mutually  coupled  signals  between  array  elements.  Clearly 
the  usual  mutual  coupling  effect  will  exist,  i,e,  a  current  in  any 
one  array  element  aperture  will  produce  currents  in  the  neighbouring 
element  apertures,  the  overall  effect  of  which  is  to  produce  a  mod¬ 
ification  in  the  element  radiation  pattern  when  the  element  is  in 
the  array  environment.  However,  for  these  elements,  the  total 
mutually  coupled  signal  entering  the  element  on  transmission  will  now 
be  applied  to  the  BF  mixer  along  with  the  desired  feedback  signal 
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from  the  VCO.  The  total  phase  at  this  point  will  thus  be  that  of 
the  composite  signal,  .lance  the  loop  nan  only  look  with  a  specific 
phase  of  the  signal  applied  to  the  2?  mixer  (  producing  a  specific 
PSP  output  voltage  )  it  nay  be  seen  that  in  genetal,  the  effect  of 
mutually  coupled  signal  will  be  to  produce  a  change  of  the  VCO  output 
phase,  that  will  re-establish  the  necessary  phase  value  of  the  com¬ 
posite  signal  at  the  HP  mixer. 

The  situation  is  quite  complicated  from  an  analytic  point  of  view. 

The  phase  of  the  radiated  output  of  any  one  element  in  the  array  will 
influence  the  output  phase  of  the  neighbouring  elements.-  The  subsequent 
changes  in  their  output  phases  will,  in  turn,  influence  the  phase 
of  the  first  element,  and  the  phases  of  the  elements  further  along 
the  array.  All  the  array  elements  will  therefore  interact  with  each 
other,  although  since  mutual  coupling  dim'ishes  rapidly  with  distance, 
it  would  be  expected  that  the  influence  of  any  one  element  will  only 
extend  over  the  few  nearest  neighbours.  Clearly,  when  the  level  of 
the  mutually  coupled  signal  appearing  at  the  element  HP  mixer  is  small 
in  comparison  to  the  desired  feedback  signal,  {  i.e.  the  leakage  in 
the  reverse  direction  around  the  circulator  )  the  effect  on  the  element 
output  will  be  small  |  the  behaviour  in  this  case  will  be  similar 
to  that  of  the  elements  described  in  section  7*2.1  in  which  the  HPLL 
is  isolated  from  the  mutually  coupled  signal.  For  higher  levels  of 
mutual  coupling,  where  the  mutually  coupled  signal  appearing  at  the 
RF  mixer  is  approaching  the  level  of  the  circulator  leakage,  it  would 
be  expected  that  the  elements  at  the  centre  of  the  array  will  behave 
much  as  desired  (  since  the  mutual  coupling  environment  here  is  constant 
and  most  of  the  effects  of  mutual  coupling  will  be  self-balancing  )  ; 
for  elements  near  the  array  edges  however,  deviations  from  the  desired 
phase  distribution  would  be  expected.  When  the  mutually  coupled  signal 
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conditions 


at  the  RF  mixer  is  greater  than  the  circulator  leakcg*:, 
can  arise  in  which  the  PLL  can  r.c  longer  t  the  ,  ,  change 

introduced  in  the  loop  by  the  mutual  coupling,  and  the-  expected  be¬ 
haviour  becomes  unclear. 

Since  the  levels  of  mutual  coupling  typically  encountered  between 
array  elements  is  of  the  order  of  typical  circulator  leakage  levels, 
the  effects  of  this  must  be  considered.  An  analysis  based  on  an 
iterative  approach  is  given  below,  after  a  brief  description  of  the 
analysis  usually  carried  out  for  array  elements  where  the  mutual 
coupling  does  not  affect  the  phase  of  the  element  source. 


The  Effect  of  J.futual  Coupling  Where  the  Coupled  Signal  does  not 


Affect  the  Phase  of  the  Element  Source 


In  this  case,  the  analysis  of  mutual  coupling  effects  may  be  obtained' 
with  reference  to  the  equivalent  element  circuit  shown  in  Pig.  7«15» 

The  element  voltage'  source  itself  is  assumed  to  be  independent  of 
mutual  coupling,  however,  the  mutual  coupling  does  have  an  effect 
on  the  aw  pi  hole  and  phase  of  the  element  current  and  thus  on  the  rad¬ 
iation  pattern.  The  mutually  coupled  signal  voltagi  at  the  nth  element 


due  to  current  I  in  the  rath  element  is  Z  I  where  Z  is  the  mutual 
m  nin  m  nm 

impedance.  The  impedance  Z  ,  defined  as  the  self  impedance,  would 


normally  be  equated  to  the  source  impedance  Z 


if  no  mutual  coupling 


were  present. 


No  electrical  length  is  included  between  the  generator  and  the 
aperture  in  Fig.  7.15  but  this  can  be  taken  into  account  simply  by 
an  appropriate  phase  shift  on  en  •  For  voltage  balance 
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or,  in  a  matrix  representation 
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Thus,  given  the  voltages  of  the  element  sources,  the  element 
currents  may  he  obtained  from 
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Taking  these  values  of  the  array  element  currents,  the  array  radiat¬ 
ion  pattern  in  the  presence  of  mutual  coupling  can  therefore  be 
calculated. 


The  Effect  of  Mutual  Coupling  in  the  Element  Designs  '.There  the 
Coupled  Signal  Affects  the  Phase  of  the  Slenent  Source 


The  evaluation  of  the  aperture  current  in  these  cases  is  less  straight¬ 
forward.  The  mutually  coupled  signal  again  arrives  at  each  aperture 
and  influences  the  element  current  through  the  effective  aperture 
impedance.  Instead  of  being  absorbed,  however,  the  coupled  signal 


appears,  along  with  the  I’LL  feedback  signal,  at  the  element  RF  mixer 
and  thus  affects  the  pncce  of  the  leeuoack  signed  and  hence  the  phase 
of  the  VCO  output# 

Consider  the  simplified  element  based  on  a  FLL  3hown  in  Fig.  7#1 6. 

A  straightforward  FLL  with  iff  phasing  (  i«e.  not  a  heterodyne  FLL  ) 
is  used  here  for  simplicity# 


Assuming  the  loop  is  locked,  let  the  oscillator  phase  be  -e,  so  that 
the  open-circuit  source  voltage  may  be  represented  (  neglecting 
exp(j  wt)  time  dependence  )  by 


enoe*p(-je) 


This  voltage  is  twice  the  voltage  measured  across  the  load  when  the 
oscillator  is  delivering  power  into  a  matched  load.  Assuming  phase 
Bhift  p.  i3  introduced  by  the  path  length  to  the  element  aperture, 
the  source  voltage  referred  to  this  point  is  of  the  form 


ienoexp(-o(esp.)  ) 


.7.12 


Two  separate  signals  arrive  at  the  signal  port  of  the  mixer  : 
l)  a  fraction  of  the  oscillator  output  due  to  the  leakage  in  the 
reverse  direction  around  the  circulator.  This  signal  is  of  the  form 


ienQf  Rexp(-o(u  +z)  ) 


where  represents  the  amplitude  of  the  typically  small  fraction 
of  the  oscillator  output  passed  by  the  circulator  in  the  reverse 
direction  }  and  u  is  the  phase  lag  introduced  by  the  path  length  from 
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the  source  to  the  mixer. 

2)  a  signal  from  the  element  aperture,  due  ;'.. r i.ly  to  the  mismatch 
of  the  antenna  element,  and  partly  due  to  mu tual  coupling.  The 
voltage  at  the  aperture  due  to  the  forward  wave,  as  previously  noted, 
is  of  the  form 


KWture  "  ) 


• • • *  7o13 


With  a  complex  reflection  coefficient  p ,  the  reflected  wave  is 


t  penoexp(-j(e+p.)  ) 


» • .7.14 


The  reflection  coefficient  p  must  be  calculated  from  the  radiation 
impedance  which  is  obtained  through 


"rad 


-  Z 

nth  demsnt  '  VaF8rta:e  *” 


Assuming  a  phase  lag  ^  is  introduced  by  the  path  length  from  the 
aperture  to  the  mixer,  this  signal  referred  to  the  mixer  input  is 


ipenoexp(-o(e^+^)  ) 


*  o  •  •  7*15 


The  net  signal  arriving  at  the  signal  port  of  the  mixer  is  thus 


£onofiPP(-a(u  +  O  )  +  £  P  eno exp ( - T (d  +e+4> ) 


7.10 


Let  this  be  of  the  form  Aexp(-j  X  ).  Assuming  a  local  oscillator 
signal  V.j  exp(-j'P),  the  DC  output  of  the  mixer  will  he  of  the  form 
iBcos(jP~  X  ),  the  sign  depending  on  the  sense  of  the  diode  connection 


in  the  mixer, 


As  a  first  step  in  the  procedure  for  calculating;  the  output  prase. 


no  i.utu:.i  oouplir.fi  and  a  p-n'w'. ly 
Tnc  voltage  at  the  signal  input  to 


..p 


the  mixer  is  thus  due  to  th: 


circulator  leakage  alone  and  this  will  then  determine  the  VCC  output 
phase.  Thus 


X  =  e  +  vl 

When  the  loop  is  locked,  assigning  for  simplicity  no  detuning  between 

the  locking  signal  and  the  VCO  free-running  frequency,  the  inputs 

to  the  mixer  will  be  in  phase  quadrature,  since  this  condition  will 

produce  zero  PSD  output  voltage.  Assuriing  that  the  stable  locking 

condition  occurs  with  the  feedback  signal  lagging  the  input  signal 

by  -  rad., 

2 

K 

-  X  +  -  = 

2 

K 

i.e.  -e-u  +  —  ■=  -v 
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and  thus 


e  » 
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u  +V 


o o .7 *  1 1 


This  then  gives  the  initial  value  for  e .  Taking  this  value  of  £  , 
tne  source  phase  referred  to  ohe  apervors  ::.ay  be  used  find  cho 
element  overrents  f  reflection  coefficients.  A  new  value  t  of  the 
source  phase  is  then  obtained  taking  into  account  the  leakage  and 
mutual  coupling  signals  as  a  vector  sum. 
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The  process  is  then  repeated  until  convergence  occurs,  whereupon 
"1  ?_  element  currents  ere  decernin''1?  end  the  o^r^y  radiation  nuttern 
can  be  calculated  using  ?/jn.  5»  3  .  A  similar  procedure  applies  to 
steered  beams  by  repeating  the  above  calculations  with  the  appropriate 
value  of  reference  phase  applied  to  each  element. 

Bearing  in  mind  the  tedious  algebra  involved  in  the  inversion  of 
complex  matrices  and  iterative  calculations,  such  a  procedure  is  most 
easily  carried  out  by  digital  computation.  The  FORTRAN  program  used 
and  an  explanatory  flow  chart  i3  given  in  Appendix  2. 

The  effect  of  mutual  coupling  in  this 'element  design  may  be  minimised 
in  an  interesting  manner  by  analogy  with  the  technique  of  interpolation 
locking^2)  «  If  the  electrical  path  length  between  circulator  and 
antenna  in  each  element  can  be  chosen  at  will,  then  the  mutually 
coupled  signal  (  including  that  reflected  from  any  additional  antenna 
mismatch  )  can  be  adjusted  to  arrive  at  the  mixer  input  with  exactly 
the  same  phase  as  the  desired  leakage  signal  around  the  circulator. 

The  mutually  coupled  signals  thus  exactly  aid  the  desired  leakage 
end  no  phase  error  is  introduced  by  mutual  coupling.  In  general, 
except  in  the  centre  of  a  large  array,  the  element  path  lengths 
will  differ  from  element  to  element,  due  to  asymmetries  in  coupling, 
in  order  to  achieve  this  condition.  The  required  element  lengths 
may  easily  be  calculated  in  the  computer  program  and  a  routine  to 
make  both  signal  components  arriving  at  the  mixer  have  equal  phase 
is  inserted  at  statement  [ 75] •  It  is  obvious  that  this  equi-phase 
condition  can  only  apply  for  one  phase  distribution  across  the  array 
and  the  ob’.ious  phase  distribution  to  choose  for  setting  up  the 
adjustment  is  the  broadside  bean  position.  As  t.:o  element  reference 
phases  are  changed,  however,  to  produce  an  approximately  linear 
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phase  variation  across  the  array  for  a  steered  beam,  the  mutual 
coupling  signal  received  at  any  element  also  changes  in  phase  by 
approximately  the  same  amount  and  the  equi-phase  condition  for  leakage 
and  mutually  coupled  signals  at  the  mix^r  still  approximately 
applies.  This  path  length  adjustment  technique  is  therefore  worth¬ 
while  in  such  element  designs. 

The  programme  was  used  to  compute  the  radiation  patterns  of  a  four 
element  array,  similar  to  that  described  in  Chapter  9»  using  open- 

(  C'  1 

ended  waveguide  apertures.  An  element  pattern,  as  given  by  Silver 
was  used  in  the  computations  ;  values  of  mutual  coupling,  measured 
experimentally  by  Darbandi^^,  were  used  since  these  also  showed 

(52) 

agreement  with  theoretical  calculations  based  on  the  work  of  Hhode3 
Since  the  mutual  coupling  effects  are  very  strong  in  an  E  plane  array 
of  open-ended  waveguide  elements,  lOdB  attenuation  was  introduced 
in. each  element  feed  to  reduce  to  mutually  coupled  power  in  the 
experimental  array  to  a  level  approximately  10dB  less  than  that  of  the 
circulator  leakage.  This  was  simulated  in  the  program.  The 
computed  radiation  patterns  are  shown  in  Pigs.  7*17,  7.18,  7.19,  7.20, 
these  are  compared  in  Chap'  9  with  those  given  in  section  9*2 
for  the  experimental  array. 

The  computer  program  has  been  written  in  general  form  and  can  be 
extended  to  a  linear  array  of  any  number  of  elements  if  appropriate 
values  of  mutual  coupling  are  provided.  In  general  the  computations 
indicated  for  both  the  four  element  array  and  larger  arrays,  that 
with  mutually  coupled  powers  less  than,  or  even  of  the  seme  order, 
as  the  circulator  leakage  signal,  the  radiation  patterns  will  follow 
those  which  would  be  expected  from  a  straightforward  array  in  v/hich 
the  source  phases  are  not  influenced  by  mutual  coupling.  When  the 
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mutually  coupled  signal  is  significantly  larger  than  the  circulator 
leakugv,  nor.  ever,  it,  was  typical] y  found  tit  i  ai Ihuug.i  a  beam  could 
he  formed  in  the  broadside  direction,  any  attempt  to  steer  it  resulted 
in  non-convergence  of  the  program,  thus  indicating  instability  in 
the  array.  Particular  consideration  must  therefore  be  given,  in  the 
use  of  these  element  designs,  to  the  level  of  mutual  coupling  exist¬ 
ing  between  elements. 


laA  Generation  of  the  Microwave  Reference  Signal  Within  the 
Elements 


Finally  in  this  Cnapter,  it  may  be  noted  that  one  slight  disadvantage 
of  all  the  elements  based  on  the  HPLL  is  that  both  an  IF  and  an  RF 
reference  signal  must  be  distributed  to  the  array  elements.  Consid¬ 
eration  could  be  given,  in  some  of  the  designs,  to  the  use  of  optical 
feed  techniques  for  simplifying  the  distribution  of  the  RF  reference 
signal,  however  an  alternative,  more  attractive  approach  is  to  generate 
the  RF  reference  signal  actually  within  the  element  ;  in  this  case 
the  only  microwave  components  in  the  radar  will  be  chose  in  the  array 
elements.  The  use  of  this  approach  in  the  design  of  Fig.  7.12  is 
illustrated  in  Fig.  7'«  21 •  Since  the  KF  reference  power  required  with 
a  PLL  is  low,  a  harmonic  generator  may  be  used  to  generate  the  RF 
power  directly  .from  the  IF  reference  ;  a  filter  preceding  the  H? 
mixer  is  used  to  select  the  desired  hainonic.  A  varactor  multiplier 
would  provide  a  much  higher  conversion  efficiency  than  r.  comb  line 
(  harmonic  )  generator,  however,  the  simplicity  of  the  latter  is 
pt  ticularly  attractive.  One  limitation  of  the  comb  line  generator, 
however,  is  that  it  may  be  difficult  to  generate  sufficient  power 
to  drive  the  mixer  (  >  OdSm  )  at  harmonics  above  approximately  the 
tenth  ?  manufacturers  quoted  results  (  Omniyig  Inc.  )  indicate  that 
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a  maximum  output  power  of  +  IdBm  at  2GHz  may  be  achieved  from  a  step 
recovery  diode  generator  (  type  CGI 11  )  with  input  power  of  +  23dLii 
at  20021Hz,  The  frequency  difference  between  the  HP  and  IP  for  which 
a  comb  generator  may  be  used  is  therefore  limited, 

With  regard  to  this  limitation,  it  may  be  noted  at  this  stage  that 
the  harmonically  locked  PLL  IP  phase  shifter  described  in  Chapter  8 
requires  an  input  locking  signal  at  typically  the  8th  or  16th  harmonic 
of  its  output  frequency.  The  output  of  the  phase  shifter  is  applied 
to  the  IP  input  of  the  HELL,  and  when  this  frequency  is,  for  example, 
100MHz,  a  phase  shifter  locking  signal  at  800MHz  or  l600MHz  will 
be  required.  Taking  this  signal  as  the  input  to  the  comb  generator, 
it  may  be  seen  that  the  generation  of  the  microwave  reference  input 
to  the  HELL  will  be  considerably  eased, 

A  general  point  regarding  the  harmonic  generation  of  the  HP  reference 
within  the  element  is  that  careful  control  of  phase  errors  on  the  IP 
input  will  be  required  since  a  phase  error  *P  on  the  IP  input  will 
become  an  error  n*P  on  the  microwave  signal,  n  being  the  appropriate 
harmonic  number.  Also  since  the  two  reference  frequencies  will  now 
be  related,  it  will  no  longer  be  possible  to  provide  an  invarient 
phase  shifter  operating  frequency  when  it  is  desired  to  use  711  pulse 
compression,  frequency  hopping  or  a  frequency  change  between  trans- 
mission  and  reception.  However  the  change  of  IP  signal  frequency 
required  to  produce  a  ehungeAw  on  the  microwave  reference  signal 
will  only  be  Aw/n,  so  that  often  a  narrow  band  of  operating  frequen¬ 
cies  will  still  be  maintained. 


hi  '  Conclusions 


A  number  or  different  active  element  designs  baaed  on  the  u.se  of  d.-j 
ELL  have  been  described  in  this  chapter.  In  section  7«1  two  designs 
xising  the  simple  PLL  with  a  single  locking  signal  input  were  described 
these  circuits  are  essentially  the  same  as  tv;o  of  the  circuits  des¬ 
cribed  in  Chapter  6,  with  a  VCO,  synchronised  by  the  PLL,  now  re¬ 
placing  the  injection  locked  oscillator.  Although  the  use  of  the 
PLL  in  these  elements  offers  distinct  advantages  in  terms  of  both 
locking  gain  and  phase  error,  they  are  nevertheless  still  restricted 
to  use  with  RF  phase  shifters  and  are  not  considered  as  attractive 
as  those  based  on  use  of  the  KELL. 

The  HPLL  is  particularly  attractive  for  synchronising  solid  state 
sources  in  active  array  elements  ;  the  HELL  offers  the  high  possible 
locking  gain  and  low  phase  errors  obtainable  with  conventional  loops, 
and  in  addition,  permits  phasing  of  the  microwave  output  to  be 
achieved  via  an  IP  phase  shifter.  The  usual  microwave  phase  shifter 
required  for  electronic  beam  steering  can  then  be  replaced  by  an  IF 
type.  The  advantages  of  this  are  that  IP  phase  shifters  should 
basically  be  more  accurate,  less  expensive  and  require  less  drive 
power  than  microwave  typos.  Additionally  the  HP  phase  shifter 
insertion  los3  is  avoided  in  this  arrangement. 

In  section  7 <>2.1  element  designs  based  on  a  fairly  straightforward 
implementation  of  the  HELL  were  described  ;  the  HELL  circuit  and 
the  circuit  for  downconverting  the  received  signals  were  separated 
in  these  designs.  The  two  circuits  of  most  interest  in  this  section 
were  those  of  Pigs.  7*4  and  1,6  j  the  circuit  of  Pig.  7.4  had  the 
advantage  of  simplicity,  but.  had  the  disadvantage  that  the  phase 
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shifter  may  he  required  to  operate  over  a  large  percentage  bandwidth. 
This  problem  was  overco:..e  in  the  ciivu..\  of  .'-'Jt  ,  7 .6  in  tile 

phase  shift  on  reception  ua3  induced  on  the  received  signal  by  mixing  ; 
in  this  circuit  a  single  phase  shifter  operating  frequency  could  be 
used,  indicating  that  more  accurate  phase  control  and  thus  lower 
sidelobes  should  be  available. with  this  arrangement.  This  design 
is  also  particularly  suitable  for  use  with  the  harmonically  locked 
ELL  phase  shifter  described  in  Chapter  8. 


Hoting  that  a  single  HP  mixer  could  be  used  to  dovmconvert  both  the 
VCO  feedback  signal  on  transmission,  and  the  target  returns  on  rec¬ 
eption,  several  simplified  circuits  based  on  the  use  of  a  single  HP 
mixer  were  described  in  section  7*2.2.  Of  these  circuitsfthat  of 
Pig.  7.12  is  considered  to  be  of  the  most  interest,  This  circuit 
has  a  minimum  of  oomponents  and  thus  should  represent  the  design 
of  lowest  cost;  both  the  HP  mixer  and  the  IP  mixc-r  are  used  for 
dual  purpose  in  this  design.  Again  the  phase  shift  on  reception  is 
induced  on  the  received  signal  by  mixing,  and  thus  a  single  phase 
shifter  operating  frequency  may  be  used. 


The  active  element  designs  that  are  considered  to  be  of  most  interest 
are  therefore  those  of  Pigs  7.6  and  7*12.  Although  the  simplicity 
of  the  circuit  of  Pig.  7.12  is  attractive,  the  choice  betv/een  these 
in  practice  will  depend  on  : 

l)  the  level  of  mutual  coupling.  As  described  in  section  7.3  the 
mutually  coupled  signal  should  not  be  significantly  greater  than 
the  desired  leakage  signal  around  the  circulator  when  the  circuit 
of  Pig,  7.12  is  used.  In  the  design  of  Pig.  7.6  the  circulator 
isolation  and  the  coupler  directivity  will  prevent  any  significant 
amount  of  mutually  coupled  signal  from  reaching  the  loop  HP  mixer. 


- m -  _ - - - _ - -  ..  _ 
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2)  The  relative  cost  of  manufacture,  of  a)  the  additional  R ?  and 
IP  mixer  for  the  circuit  of  F:ru  7 »6  and  b)  the  switching  circuitry 
to  remove  the  IP  amplifier  from  tne  loop  on  transmission  in  the 
circuit  of  Pig*  7«12 


■  S3 
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.  CHAPTER  8 


A  PRECISE  DIGITAL  PHASE  SHIFTER  USING  A  HARMONICALLY  LOCKED 
PHASE-LOCKED  LOOP 


6*0  Introduction 

8.1  Theory  of  the  Harmonically  Locked  Phase-Locked  Loop 

8.2  A  Phase  Measurement  Technique 

8.3  Experimental  Results 

8.4  Conclusions 


8.0  Introduction 

The  principle  of  phase  shifting  with  a  harmonically  locked  oscillator 
was  initially  suggested  by  Cullen^1^  and  ie  based  on  the  fact  that 
an  oscillator  locked  to  a  signal  at  the  nth  harmonic  of  its  funda¬ 
mental  output  frequency,  can  take  any  one  of  n  possible  output  phases 
with  respect  to  a  fixed  reference*  The  n  possible  phase  positions 
are  separated  by  exactly  360/n  degrees*  By  controlling  the  phase 
position  at  which  the  oscillator  is  locked,  by  means  of  an  external 
signal,  an  accurate  digital  phase  shifter  may  be  formed. 

The  technique  has  been  previously  applied  to  phase  shifting  at  micro- 
wave  frequencies,  of  the  element  sources  in  an  active  transmitting 
array  ,  with  the  aim  of  avoiding  the  use  of  conventional  PIN 
or  ferrite  microwave  phase  shifters.  This  was  previously  described 
in  Chapter  2.  Its  accuracy  and  basic  simplicity  are  also  attractive, 
however,  for  the  IP  phase  shifting  required  with  the  elements  based 
on  the  HPLL  described  in  the  last  chapter.  In  this  case  the  IP  input 
signal  to  each  element  PSD  will  be  obtained  from  a  harmonically  locked 
oscillator,  the  IP  reference  signal  distributed  to  the  array  elements 
now  being  at  the  harmonic  frequency.  The  use  of  a  harmonically 
locked  oscillator  in  the  element  design  of  Pig.  7.11 ,  for  example 
is  shown  in  Fig.  8.1. 

The  application  of  the  technique  at  IF  has  the  advantage  that  many 
of  the  problems  that  limited  the  application  of  the  technique  at  HP 
may  be  overcome.  In  particular  the  typical  harmonic  frequencies 
used  (  e.g.  8th  or  l6th  harmonic  of  a  6GUHz  fundamental  frequency  )  are 
still  in  the  frequency  range  for  which  signals  can  be  easily  generated 
and  distributed  to  an  array:this  is  clearly  not  the  case  for  8th  or 


299 


16th  harmonic  locking  of  microwave  sources,  at  anything  but  the  lowest 
microwave  frequencies.  Also,  the  problem  previously  encountered, 
associated  with  the  unknown  phase  state  of  the  oscillator  after  switch- 
on,  may  now  be  solved  at  reasonable  cost,  by  providing  circuitry  for 
the  continuous  measurement  of  the  phase  of  oscillator  output. 


Ihe  previous  applications  of  the  harmonic  locking  phase  shift 
technique,  being  at  HP  in  the  active  transmitting  array^)  ,  and 
at  IF  in  a  microwave  Q  factor  measurement  system ^3)  f  have  both 
used  injection  locked  sources.  However,  from  the  comparison  between 
injection  locked  oscillators  and  phase-locked  loops  given  in  Chapter  4, 
Improved  performance  in  terms  of  the  steady  state  phase  error  between 
the  element  IF  oscillators  may  be  expected  from  the  use  of  a  phase- 
locked  loop.  A  description  of  a  harmonically  locked,  PLL  phase 
shifter  is  thus  given  below. 


I*  V « n  *  EM  m  >il*j  f  *  m  K'm  F  V  ffeM Xsl>  J  » 


Ihe  basic  harmonically  locked  PLL  is  shown  in  Fig.  8.2.  In  all 
previous  ILLs  considered  in  the  present  work  the  fraction  of  the  VCC 
output  constituting  the  feedback  signal  has  been  at  the  VCO  output 
fundamental  frequency.  In  this  case  the  nth  harmonic  content  of  the  * 
VCO  output,  at  angular  frequency  n(U  whore  (0  is  the  VCO  fundamental 
frequency,  is  now  used  as  the  feedback  signal.  She  loop  can  now 
lock  when  the  reference  signal  angular  frequency  U)^  is  close  to  n(i) 

f 

and  within  the  loop  locking  range,  which  is  defined  below.  When 
synchronisation  has  occured,  both  inputs  to  the  PSD  will  be  at  angular 
frequency  U)1  and  a  DC  output  will  be  obtained  from  the  PSD.  Hie  VCO 
fundamental  output  frequency  will  he  U)^/n. 


An  alternative  form  of  the  harmonically  locked  PLL,  which  can  he 
used  when  the  VCO  output  has  little  harmonic  content,  once  again 
returns  to  the  use  of  VCO  fundamental  output  as  the  feedback  input 
to  the  PSD,  but  uses  the  mixer  non-linearity  to  generate  the  required 
harmonic.  The  subsequent  mixing  between  the  harmonic  of  the  VCO 
output  generated  by  the  mixer  and  the  input  reference  signal  then 
produces  the  required  feedback  voltage  to  the  VCO.  Again,  when  syn¬ 
chronisation  is  achieved,  the  harmonic  generated  within  the  mixer 
and  the  reference  signal  input  have  the  same  frequency  and  the 
VCO  fundamental  frequency  .will  again  be  cu^/n. 

Given  the  same  feedback  signal  amplitude  to  the  VCO,  the  performance 
in  the  two  cases  will  clearly  be  equivalent  ;  however,  with  the  use 
of  the  mixer  to  generate  harmonics,  the  loop  locking  range  becomes 
dependent  on  the  non-linearity  of  the  particular  mixer  used,  and 
thus  this  approach  is  not  preferred.  In  the  harmonically  locked 
PILL  phase  shifter  subsequently  described,  a  tunable,  digital  ECL 
oscillator  was  used  as  the  VCO,  producing  an  approximately  square 
wave  output  ;  in  this  case  it  was  only  necessary  to  filter  the  re¬ 
quired  harmonic  from  the  VCO  output. 

Assuming  that  the  required  harmonic  nw  is  present  in  the  VCO  output, 
and  ignoring  for  the  moment  the  VCO  output  at  frequencies  other  than 
no),  the  loop  can  be  simply  considered  as  a  conventional,  fundament¬ 
ally  locked  loop,  operating  at  frequency  nOU.  The  VCO  free  running 
frequency  is  assumed  to  be  Ux)q (where  Wq  is  the  free  running  frequency 
of  the  true  fundamental  output  )  and  the  tuning  sensitivity  is 
nKg  rad/V.s  where  Kg  is  the  tuning  sensitivity  at  the  true  fundamental 
output.  Hie  theory  previously  derived  for  PLLs  locked  at  fundamental 
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frequency  may  therefore  now  he  applied. 


Xi  was  shown  in  Chapter  4  that  a  second  order  PLL  has  the  advantage 
of  permitting  large  values  of  loop  gain  to  be  used  at  low  frequencies, 
thus  providing  low  steady  state  phase  errors,  whilst  reduced  gain 
may  be  used  at  high  frequencies  to  ensure  stability.  Xhis  loop  type 
is  therefore  adopted  here  ;  a  filter  transfer  function  producing  a 
second  order  loop  is  shown  for  the  loop  filter  in  Fig.  8.2. 


From  Eqn.  4*81  the  locking  range  (  at  the  harmonic  frequency  )  is 
given  by 
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where  is  the  combined  low  frequency  gain  of  tlie  amplifier  and 
filter 

Kj  is  the  PSD  gain  in  V/rad  for  the  particular  input  signal 
amplitude  used.  It  may  be  noted  that  in  this  case  the 
harmonic  output  power  of  the  VCO  may  not  be  sufficient 
to  drive  the  PSD  into  the  saturated  region,  in  which 
case  Kj  will  be  strongly  dependent  on  the  harmonic  power, 
as  described  in  section  4*2.10. 


She  steady  state  phase  error  arising  from  a  detuning  AU)  between 
the  input  signal  at  frequency  W.J  and  the  VCO  free  running  frequency 
ntog  ('  where  W ^  'is  the  free  running  frequency  at  the  true  fundamental  ) 
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Clearly,  by  providing  a  large  value  of  low  frequency  amplifier  gain 
Aj^t  low  phase  errors  may  be  obtained* 

The  apparent  locking  range  Au£  appearing  at  the  VCO  true  fundamental 
output  frequency  is  l/nth  of  that  given  by  Eqn.  8.1,  i.e. 
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Similarly  the  phase  error  <PQ  appearing  at  the  true  fundamental 
frequency  is  l/nth  of  that  given  by  Eqn.  8.2,  i.e. 
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The  steady  state  phase  error  at  the  fundamental  frequency  therefore 
.9° 

varies  between  -  —  degrees  at  either  extreme  of  the  locking  range, 
n 


Pig.  8.3,  reproduced  from  Pig.  4.8,  shows  the  PSD  output  voltage 
variation  with  the  phase  error  between  the  reference  signal  at 
frequency  oo^  and  the  VCO  output  at  the  harmonic.  It  may  be  seen 
that  an  identical  PSD  output  voltage  is  obtained,  and  thus  an  identical 
locking  condition  exists,  for  any  2Tt  radian  change  of-  phase  of  the 
VCO  output  at  the  harmonic.  A  change  of  2rt  radians  of  the  harmonic 
output  corresponds,  however,  to  a  phase  change  of  only  2n/n  radians 
at  the  true  fundamental  frequency,  and  thus  there  are  n  distinct  pha«o 
states  of  the  VCO  fundamental  outjut  for  which  lock  can  occur,  each 
separated  by  exactly  2n/n  radians.  The  harmonically  locked  PLL  may 
therefore  be  used  as  a  digital  phase  shifter  if  the  phase  position 
at  which  the  VCO  is  locked  can  be  controlled. 


Phase  Sensitive  Detector  Characteristic 


Phase  control  may  be  achieved  in  practice  by  the  application  of  a 
voltage  pulse  to  the  VCO  as  illustrated  diagramatically  in  Pig.  8.2. 

If  the  VCO  frequency  is  increased  by  amount  6(u  for  the  period  of  the 
pulse  t^  the  relative  phase  will  be  advanced  by  an  amount  6w.t^. 

The  phase  error,  defined  as  the  difference  between  the  locking  signal 
phase  and  the  phase  of  the  VCO  output  at  the  harmonic,  will  thus 
experience  a  similar  phase  change  but  with  opposite  sign.  Prom 
Pig.  8.3,  it  may  be  seen  that  if  at  the  end  of  the  pulse  the  phase 
error  is  changed  to  a  value  less  than  that  of  the  previous  unstable 
equilibrium,  but  still  greater  than  that  of  the  preceding  unstable 
equilibrium,  the  loop  will  relock  the  VCO  to  the  stable  Docking 
position  with  a  phase  change  of  magnitude  exactly  equal  to  -2rtrad. 

At  the  VCO  fundamental  frequency  this  will  correspond  to  a  phase 
advance  of  exactly  2n/n  rad.  The  range  of  the  productSoit^  for  which 
this  phase  advance  will  occur  may  be  seen  to  be 

(rc+  2^Pe0)  ^60).^  v?:(3rc+  2<Pe0)  . 8.5 

where  is  the  initial  deviation  of  the  steady  state  phase  error 
for  the  zero  error  position  (  0,  2rc,  An  rad.  etc.  ).  V?hen  large 
values  of  amplifier  gain  A  are  used,  will  typically  be  small  and 
Eqn.  8.5  will  simplify  to 

Tt  ^6(0.^  ^ 3tc  ...8.6 

A  phase  lag  may  similarly  be  obtained  by  applying  a  voltage  pulse 
to  the  VCO  that  will  cause  the  VCO  frequency  to  decrease  such  that 
phase  is  1  lost  *  relative  to  the  locking  source.  In  this  case  the 
product  of  the  frequency  change  8w  and  the  pulse  length  t^  that  will 
result  in  a  phase  lag  2rc/n  rad  on  the  output  will  be 
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(*-  2*W  <6w*t1  <  (3Tt  “  2%o> 


which  again  for  small  heoooes 

r- 

Tt  <:6co«t^  ^  3tc  •••  8.7 

The  corresponding  frequency  change  on  the  fundamental  output  during 
the  pulse  is  ou)/n. 


The  time  required  to  implement  a  phase  shift  may  clearly  he  reduced 
hy  using  a  short  pulse  width  in  conjunction  with  a  large  frequency 
change,  hut  finally,  the  phase  shifting  speed  will  he  limited  hy  the 
time  required  for  the  loop  to  re-lock  the  oscillator  after  the  pulse. 
The  worst  case  condition  will  he  when  the  phase  error  at  the  end  of 
the  pul 3e  is  at  a  value  close  to  an  unstable  equilibrium  position. 

It  was  shown  in  Chapter  4  that  the  approximate  time  for  the  loop  to 
re-lock  in  this  case  me  lO/^seo.  .hereof  is  the  loop  natural  eng- 
ular  resonant  frequency.  .  From  Eqn.  4.97 
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where  is  the  frequency  associated  with  the  filter  roll-off  from 
.ne  low  frequency  value,  as  shown  in  Fig.  8.2.  The  steady  state 
phase  error  given  in  Eqn.  8.2  will  typically  he  established  in  a  time 
t0  given  hy 
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8,2  Phase  Measurement  Technique 


It  was  previously  noted  that  the  phase  of, fundamental  output  of.  a 
harmonically  locked  PLL  immediately  after  switch-on  will  he  unknown.  ' 
This  problem  can  he  simply  overcome  hy  providing  measurement  of  the 
phase  state  at  the  FLL  output.  This  may  he  achieved  in  practice 
with  the  arrangement  shown  in  ?1 g.  8.4.  A  fraction  of  the  fundamental 
output  of  the  FLL  phase  shifter  is  applied  to  two  PSDs  (  mixers  ) 
along  with  a  signal  at  the  same  frequency,  derived  (  e.g.  via  a 
digital  divider  )  from  the  reference  input  of  the  ILL.  In  one  signal 
path  a  fixed  90°  phase  shift  is  introduced,  as  shown. 


Since  the  inputs  to  the  PSDs  are  at  the  same  frequency  a  DO  voltage 
will  appear  at  the  outputs,  proportional  to  the  phase  difference 
between  the  PSD  inputs.  The  variation  of  the  output  voltage  of  one 
PSD  with  the  phase  difference  between  the  signal  derived  from  the 
reference  input  and  the  FLL  output  will  he  of  the  form  of  Fig.  8.3, 
for  a  sinusoidal  PSD.  It  will  not  he  possible  to  determine  the 
phase  state  of  the  FLL  from  measurement  of  the  output  voltage  of  one 
of  the  PSDs  alone  however,  since  there  are  two  phase  positions  that 
can  yield  the  same  PSD  output.  By  the  use  of  two  PSDs  and  the  90° 
phase  offset  however,  voltage  measurements  can  unambiguously  indicate 
the  phase  state.  An  example  of  the  variation  of  the  two  PSD  outputs 
with  phase  difference  is  shown  in  Pig.  8.5.  Consider  the  case,  for 
illustration,  of  8th  harmonic  locking,  producing  phase  increments 
of  45°.  By  placing  comparators  on  the  first  PSD  output  with  voltage 
thresholds  as  shown,  it  will  he  possible  to  unambiguously  determine 
when  the  PLL  output  phase  is  at  +  90°  or  -  90°,  hut  there  will  be 
ambiguity  between  the  +  45°  and  +  135°  positions,  the  0  and  180° 
positions  and  the  -  45°  and  -  135°  positions.  By  noting  in  addition 
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the  sign  of  the  second  PSD  output,  using  another  comparator  (  or 
comparators  ),  these  ambiguities  may  he  resolved. 

The  phase  measurement,  in  addition  to  indicating  the  initial  phase 
position  after  switch-on,  may  also  he  used  a)  for  phase  shifter 
fault  indication  and  h)  to  control  the  phase  shifter  setting  5 
instead  of  applying  a  previously  determined  number  of  phase  shifting 
control  pulses  to  the  loop  to  produce  a  required  phase  setting,  the 
phase  shifter  is  placed  in  a  control  loop  that  repeatedly  applies 
pulses  until  the  comparator  outputs  indicate  the  desired  output 
phase  has  been  reached. 


perimental  Results 


The  basic  circuit  used  to  demonstrate  phase  shifting  with  a  harmon¬ 
ically  locked  ELL  is  shown  in  Pig.  8.6.  Locking  to  the  eighth 
harmonic  was  chosen  for  the  experiments  since  this  enabled  the  circuit 
to  be  constructed  using  readily  available  equipment  and  components, 
whilst  also  providing  reasonably  small  phase  increments  *  45°  (  i»e. 


3  bit  phase  control  ). 


The  VCO  used  was  a  digital,  integrated  circuit,  ECL  oscillator 
(  type  SPI648B  )  to  which  a  resonant  circuit  could  be  added  externally 
to  determine  the  frequency  of  oscillation.  Varactors  were  included 
in  the  resonant  circuit  to  provide  voltage  tuning.  The  tuning  charact¬ 
eristic  of  the  oscillator  is  sketched  in  Pig.  8.7.  Since  the  desired 
IP  reference  frequency  for  the  experimental  array  was  60MIz,  a  fixed 
offset  voltage  was  applied  to  the  varactor  to  produce  a  free  running 
frequency  of  this  value.  The  loop  feedback  signal  then  varied  the 
varactor  voltage  around  the  fixed  value.  It  may  be  seen  that  over 
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a  frequency  range  -  2MHz  the  tuning  characteristic  was  approximately 
linear0  The  tuning  sensitivity  at  60MHz  wa3  measured  to  he  2.86MHz/V. 
The  VCO  output  power  at  60MHz  was  ~ lmV7,  hut  since  a  higher  level 
than  this  was  required  to  drive  both  the  active  element  PSD  and  the 
two  possible  additional  mixers  for  measurement  of  the  output  phase, 
a  discrete  component  60MHz  amplifier  was  included  in  the  output, 
providing  lOdD  gain  at  the  desired  output  frequency  and  some  degree 
of  filtering  of  the  harmonics. 

The  eighth  harmonic  output  of  the  VCO,  of  frequency  ~  480MHz  and 
amplitude  *v  -  24dBm  for  the  particular  VCO  used,  was  simply  high-pass 
filtered  to  remove  the-60MHz  fundamental  before  being  applied  to  the 
PSD,  along  with  the  reference  input  at  480MHz.  The  PSD  U3ed  was  a 
passive  diode  mixer  (  type  CM1  )  for  printed  circuit  board  mounting, 
with  input  frequency  range  0.1  -  1000MHz.  The  measured  value  of  the 
PSD  gain  V/rad  for  the  particular  powers  used  was  11.4  mV/rad. 

A  wideband  operational  amplifier  (  type  SL541C  )  was  usod  to  provide 
both  amplification  and  filtering  of  the  PSD  output  with  effective 
transfer  function  as  shown.  The  value  of  gain  at  angular  frequencies 
less  than  l/x^  was  in  fact  limited  by  the  open  loop  gain  of  the 
amplifier  (  70dB  )  in  this  case.  The  amplifier  transfer  function 
characteristics  were  * 

A^  ,  the  lor/  frequency  voltage,  gain  »  3162 

Ag  ,  the  high  frequency  v-rltage  gain  *  6.8 

iA;»  the  angular  frequency  associated  with 
«  * 

the  gain  roll-off  from  the  low 

frequency  value  *  1»7x10^rad/s 

l/tg»  the  angular  frequency  associated 

with  the  transition  to  the  flat 

high  frequency  gain  region  =  6.7x1 0^rad/s 
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The  VCO  varactor  was  fed  from  the  amplifier  output  through  an 
impedance  of  several  Kft  ,  "but  since  the  varactor  impedance  (  reverse 
biased  diode  )  was  much  greater  than  this,  the  voltage  drop  was 
negligible.  The  phase  shifting  control  pulses  were  simply  generated 
from  a  TTL  monostable  multivibrator  (  type  74121  )  and  applied  to  the 
varactor  via  a  potentiometer  and  diode.  The  use  of  a  simple  TTL 
compatible  circuit  for  the  generation  of  the  phase  shifting  pulses 
was  felt  to  be  particularly  desirable  from  the  point  of  view  of 
interfacing  the  phase  shifters  with  a  beam-3teering  computer.  The 
diode  was  included  to  act  as  a  switch  ;  when  the  monostable  voltage 
was  low  the  diode  was  reverse  biased  and  the  monostable  was  thus 
effectively  isolated  from  the  varactor  ;  when  the  monostable  voltage 
increased  during  the  phase  shifting  ptuse  to  a  value  greater  than 
that  previously  existing  on  the  varactor,  the  diode  turned  'on'  thus 
applying  the  voltage  pulse  to  the  varactor.  The  potential  divider 
action  of  the  impedance  following  the  amplifier,  and  the  pulse  source 
impedance,  effectively  disconnected  the  loop  during  this  time.  Taking 
the  measured  value  of  the  VCO  tuning  sensitivity  as  2.86MHz/V, 

Equation  8.6  predicts  a  required  change  of  voltage  at  the  varactor 
during  the  0.5ns  pulse  as  being  of  the  order  of  0.1V,  for  a  45°  phase 
shift.  This  was  found  to  be  in  close  agreement  with  that  obtained. 
Cleaxly,  since  the  characteristics  of  the  phase  shifting  pulse 
are  determined  by  the  product  of  the  frequency  shift  and  the  pulse 
length,  a  shorter  pulse  length  and  a  larger  voltage  pulse  at  the 
varactor  could  have  been  used.  - 


The  steady  state  phase  error  predicted  from  Eqn.  8.2  between  the 
reference  signal  and  the  VCO  output  at  the  8th  harmonic,  for  a 
detuning  of  1MHz  at  the  fundamental  frequency  (  8?.iHz  at  the  8th 
harmonic  )  is  0.55°.  On  the  fundamental  output  at  60MHz,  this 
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Experimental  Arrangement  for  Demonstrating  Phase  Shifts 


corresponds  to  a  phase  error  of  0«07°  on  all  the  phase  positions, 
the  phase  increment  between  phase  positions  still  being  exactly  45°. 
This  example  clearly  illustrates  that  low  phase  errors  may  be 
achieved  with  the  PLL  5  in  fact  a  lower  phase  error  than  that  given 
could  easily  be  obtained  with  the  use  of  an  amplifier  providing 
higher  DC  gain. 

The  natural  resonant  frequency  of  the  loop  a>n  in  this  case  was, 
from  Eqn.  8.8,  .«3.l0^rad/s.  Thus  the  bheoretical  worst  case  time 
for  the  loop  to  relock  after  the  application  of  a  phase  shifting 
pulse  was 


™  -  3.37  Jis 

w 

n 

although  in  most  cases  a  significantly  shorter  time  would  be  obtained. 
The  phase  error  on  the  60MHz  output,  being  typically  reduced  to  a 
few  degrees  after  several  [is,  is  further  reduced  to  the  low  value 
given  above  in  an  approximate  time 
=  0.6ms 

Several  points  relating  to  these  times  are  worthy  of  note  t 

1)  Although  the  time  given  by  =  0.6ms  appears  long,  this  is 
the  time  required  to  achieve  a  very  low  value  of  phase  error.  Phase 
errors  are  reduced  to  a  few  degrees  (  in  many  oases  an  adequate  level  ) 
in  a  few  (is. 

2)  By  optimising  the  loop  design  a  reduction  of  an  order  of  magnitude 

« 

in  these  times  should  be  possible. 

3)  Care  has  been  taken  in  the  element  designs  of  Chapter  7  to  avoid 
a  requirement  for  phase  shifter  resetting  between  transmission  and 
reception.  A  relatively  long  delay,  corresponding  to  changes  in  the 
beam-pointing  direction,  will  therefore  exisi  between  phase  shifter 
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a)  Phase  Shifter  Output  in  the  0  Reference  State 


t)  Phase  Shifter  Output  in  the  45  Phase  Position 


Fig,  6.11  6Q;niz  Output  Signal  froir,  Harmonically  Locked  PLL 

Phase  Shifter 
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resetting. 


To  demonstrate  phase  shifting  with  the  harmonically  looked  PLL,  two 
identical  loops  were  arranged  as  shown  in  Pig.  8.8  (  In  fact  four 
such  loops  wore  constructed,  for  use  in  the  four  element  array  des¬ 
cribed  in  the  next  chapter  ).  With  the  monostable  of  one  phase 
shifter  successively  triggered,  yielding  successive  phase  shifts  of 
45°  on  one  output,  a  voltage  appeared  on  the  output  of  the  PSP  com¬ 
paring  the  phase  of  the  two  outputs,  as  shown  in  Pig.  8.9.  It  may 
be  seen  from  the  Figure  that  as  successive  phase  shifts  of  45°  were 
applied,  the  PSD  output  voltage  varied  sinusoidally,  as  expected. 

To  examine  the  phase  shifting  time,  the  scale  of  display  of  Pig.  8.9 
was  expanded  to  show  a  single  phase  transition.  This  is  shown  in 
Pig.  8.10.  It  may  be  noted  that  the  pulse  length  used  to  implement 
the  phase  shift  in  this  case  was  0.5  (is,  thus  the  phase  shifting 
time  was  determined  to  a  large  extent  \y  the  time  required  for  the 
loop  to  relock.  It  can  be  seen  from  Pig.  8.10  that  a  phase  shift 
is  indeed  accomplished  within  a  3(13  period,  as  predicted.  Although 
not  clearly  seen  in  the  photograph,  the  predicted  relatively  slow 
subsequent  reduction  in  the  phase  error  to  a  low  level  was  also 
observed. 


To  illustrate  the  accuracy  of  the  phase  increments  of  45  ,  one  of 
the  •haj.’!  onical3.y  locked  loops  was  now  used  to  synchronise  the  time 
base  of  a  wide  band  oscilloscope.  The  output  of  the  other  loop  was 
displayed  on  the  oscilloscope.  The  displayed  waveforms  before  and 
after  a  45°  phase  shift  are  shown  in  Pig.  8.11(a)  and  (b).  Careful 
examination  of  the  plots  indicated  that  ihe  phase  increment  was 
certainly  w;  thin  -  2°  of  45°,  this  being  the  limit  of  accuracy  of 
measurement. 


Finally,  phase  measurement  circuitry  as  described  in  section  8.2  was 
applied  to  the  output  of  one  phase  shifter  to  check  that  correct 
indication  of  the  phase  state  could  be  achieved.  The  second  phase 
shifter  was  now  used  to  provide  the  coherent  601, Hz  reference  signal 
for  the  two  measurement  PSDs.  The  two  PSDs,  the  comparators  and  the 
subsequent  decoding  logic  circuit  used  are  shown  in  Fig.  8.12.  The 
eight  LEDs  appearing  on  the  right  hand  side  of  the  Figure  were  used 
as  indicators.  As  the  phase  position  was  now  successively  changed 
the  8  LEDs  were  successively  illuminated  in  turn  as  desired. 

M  Conclusions 

It  has  been  demonstrated,  both  theoretically  and  experimentally  that 
the  harmonically  locked  PLL  can  be  used  for  phase  shifting  in  the 
same  way  as  the  harmonically  locked,  injection-locked  oscillators 
previously  reported.  Indeed  the  PLL  has  the  advantage  that  both 
low  relative  phase  errors  (  i.e.  the  phase  errors  between  phase 
positions  )  and  absolute  phase  errors  can  be  achieved.  A  60MHz  phase 
shifter  suitable  for  use  with  the  active  elements  based  on  the  HELL 
has  been  demonstrated  experimentally,  and  a  phase  measurement  circuit 
for  determining  the  output  phase  has  also  been  shown  to  operate 
successfully.  Phase  shifting  times  of  the  order  of  a  few  p,s  have 
been  obtained,  although  a  reduction  in  this  time  by  an  order  of 
magnitude  should  be  possible  with  optimisation  of  the  loop  components 
and  transfer  function.  Some  of  the  results  presented  are  also  des¬ 
cribed  in  reference  (54). 

As  a  general  point,  it  may  be  noted  that  the  harmonic  locking  phase 
shifting  technique  may  be  applied  at  any  frequency.  Direct  harmonic 
locking  of  active  element  FLLs  or  IiPLLs  (  for  instance  via  the  IF 
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inpat  in  tills  case  )  could  be  considered  for  a  transmit-only  array. 
For  low  frequency  phase  shifting  applications,  integrated  circuit 
PLLs  could  conveniently  be  used  to  reduce  the  circuit  complexity. 
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CHAPTER  9 


An  Experimental  Four  Element  Active  Array 


9.0  Introduction 


9.1  Design  and  Construction  of  the .Experimental  Elements 


9.2  Measurement  Technique  and  Experimental  Results 
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M  Introduction 


The  experimental  active  array  was  constructed  principally  with  the 
aim  of  demonstrating  that  the  element  designs  based  on  the  heterodyne 
phase-locked  loop  can  indeed  provide  electronic  beam  steering  using 
only  IP  phase  control.  It  was  also  desired  to  demonstrate  the  use 
of  IP  phase  shifters  using  the  harmonically  locked  FLL  phase  shifting 
technique.  A  small  array  was  therefore  constructed  using  the  element 
designs  considered  to  be  of  most  interest  in  Chapter  7  (  i.e.  the 
designs  of  Pigs.  7*6  and  7.12  )  and  the  beam-forming  and  beam-steering 
properties  of  the  array  were  examined. 

9.1  Design  and  Construction  of  the  Experimental  Elements 

To  maintain  the  maximum  flexibility  for  the  investigation  of  various 
element  configurations,  the  experimental  elements  were  constructed 
using  discrete  components  (  i.e.  discrete  directional  couplers, 
circulators,  :  ixers  etc.  )  as  opposed  to  a  more  compact  but  less 
easily  varied  approach  using  microwave  integrated  circuits.  A  limit¬ 
ation  on  the  number  of  components  that  were  available  however,  restrict 
ed  the  size  of  the  array  to  only  four  elements,  but  nevertheless  this 
number,  though  not  ideal  in  that  none  of  the  elements  in  an  array 
of  this  size  has  the  same  mutual  coupling  environment,  was  found  to 
be  sufficient  to  clearly  demonstrate  beam  steering. 

Since  it  was  desired  to  examine  the  performance  of  arrays  of  both 
the  element  designs  of  Pig.  7,6  and  7»12,  for  simplicity  the  element 
IP  circuitry  was  designed  to  work  with  either  design.  The  experimental 
circuit  corresponding  to  the  design  of  Pig.  7,6  is  shown  in  Fig,  9.1 • 
For  thi3  case  the  switch  s!nwn  was  kept  always  in  position  (l)0  The 
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VCOs  used  were  waveguide  varactor  tuned  Gunn  oscillators  (  ASI  type 
DA8825G  )  producing  ~  1 50mW  at  a  frequency^  1 0.46GHz }  this  oscill¬ 
ator  type  was  previously  used  for  the  PLL  transient  experiments 
described  in  Chapter  4«  A  directional  coupler  was  used  to  take  a 
sample  of  the  VCO  output,  which  after  downconversion  in  an  RF  mixer 
(  Lorch  type  EM36A  )}  was  applied  to  a  PSD  (  Cimarron  type  CM1  printed 
circuit  board  mixer  )  along  with  the  IP  reference  input  at  60MHz. 

The  PSD  output  voltage  was  amplified  in  a  high  speed  operational 
amplifier  (  Plessey  type  SL541C)  with  transfer  function  producing 
a  second  order  loop,  before  being  applied  to  the  VCO  varactor  to 
close  the  loop.  A  fixed  bias  voltage  was  also  applied  to  the  varactor 
to  bias  the  VCO  into  the  linear  tuning  range  using  the  circuit  prev¬ 
iously  shown  in  Pig.  4.31. 

The  VCO  was  synclironised  to  the  sum  of  the  input  reference  frequencies 
at  10.34GHz  and  60MHz.  With  VCO  tuning  sensitivity ^  2ft.10^rad/V.s, 
PSD  gain  of  0.1  V/rad  and  a  loop  amplifier  low  frequency  gain  of 
100,  the  theoretical  locking  range  of  the  loop  was^lOOMHz;  however 
due  to  the  rather  low  voltage  swing  {-  3V)  of  the  operational  amplif¬ 
iers  used  the  locking  range  was  in  practice  limited  to  <o/ 30MHz  (  i.e. 
a  synchronisation  range  of  60MHz  ).  Within  this  range,  the  predicted 
phase  error  introduced  by  the  loop  for  a  1MHz  frequency  difference 
between  the  sum  of  the  locking  signal  frequencies  and  the  free  running 
frequency  was  0.6°. 

The  IP  reference  signal  for  each  element  was  derived  from  a  harmon¬ 
ically  locked  PLL  phase  shifter  of  the  same  design  as  that  described 
in  Chapter  8.  Eight  harmonic  locking  was  used  to  provide  phase  in¬ 
crements  of  45°» 

After  the  directional  coupler,  the  VCO  output  was  applied,  via  a 
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circulator,  to  the  element  aperture.  Open  ended  waveguide  apertures 
were  used  (WG1(>)  since  the  characteristics  of  these  had  been  previously 
well  established  by  Darbandi^^.  The  apertures  were  matched  at  the 
operating  frequency  (10.4GHz)  by  means  of  a  3-screw  tuner j  matching 
was  carried  out  with  the  element  isolated,  i.e.  not  in  the  array 
environment. 

In  the  reception  path,  shown  on  the  right  hand  side  of  Pig.  9*1,  the 
downconverting  mixer  (Lorch  type  EM36A)  was  followed  by  a  low  noise 
amplifier  (Plessey  type  SL550).  The  variable  gain  control  of  this 
amplifier  was  used  to  equalise  the  output  signals  of  the  array 
elements  for  the  reception  radiation  pattern  measurements.  The 
element  output  was  tafcen  as  the  sum  frequency  output  of  the  subsequent 
mixer. 

The  physical  form  of  this  element  (  not  including  the  phase  shifter  ) 
is  shown  in  Fig.  9«2.  All  the  IP  and  DC  circuitry  shown  within  the 
dashed  line  in  Pig.  9«1»  was  contained  on  a  single  printed  circuit 
board.  The  box  holding  this  was  then  attached  directly  to  the  wave¬ 
guide  Gunn  oscillator  to  make  the  loop  length  as  short  as  possible, 
since  any  delay  present  in  the  loop  reduces  the  bandwidth  that  may 
be  used,  as  described  in  Chapter  4.  The. box  containing  the  IP 
circuitry,  attached  to  the  waveguide  C.’nn  oscillator  and  its  assoc¬ 
iated  heat  sinks,  may  be  seen  on  the  l^ft  hand  side  in  Fig.  9.2. 

The  lower  semi-rigid  cable  input  to  the  IP  circuitry  box  comes 
directly  from  the  receiving  HP  mixer,  which  follows  the  circulator 
separating  the  transmitted  and  received  signals.  Ihe  upper  semi¬ 
rigid  cable  input  comes  directly  from  the  HP  mixer  wnich  downconverts 
the  sample  of  the  oscillator  output  provided  by  the  directional 
coupler.  For  the  purpose  of  illustration  a  microstrip  dipole 
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antenna  is  shown  for  the  element  aperture  j  in  practice  transformation 
into  waveguide  occurred  at  this  point,  with  a  ~  30cm  waveguide  section 
preceding  an  open-ended  waveguide  aperture. 

A  change  in  the  circuit  configuration  to  form  an  element  correspond¬ 
ing  to  the  design  of  Pig.  7*12  was  easily  achieved.  With  reference 
to  Pig.  9«1  it  may  be  seen  that  this  design  may  be  obtained  simply 
by  removing  the  directional  coupler  and  the  associated  HP  mixer,  and 
changing  the  switch  to  position  (2).  Ihe  realisation  of  this  design 
is  shown  in  Pigs.  9*3  and  9«4»  In  Pig.  9«3  a  front  view  of  the 
element  is  given,  showing  the  arrangement  of  the  circulator  and 
single  mixer.  In  practice  a  line  stretcher  was  included  between 
the  circulator  and  the  aperture  to  provide  the  path  length  adjustment 
described  in  Chapter  7  for  minimising  the  effects  of  mutual  coupling. 
Also,  for  the  purpose  of  setting  up  the  required  path  length,  a 
directional  coupler  was  placed  before  the  HP  mixer  in  the  elements 
actually  used  in  the  experiments,  to  provide  monitoring  of  the 
power  at  this  point  .  Fig.  9*4  provides  a  rear  view  of  the  element 
and  shows  the  circuitry  associated  with  the  operational  am  "lifier, 
the  variable  gain  (  20  -  40dB  gain  )  low  noise  amplifier  and  the 
mixers. 


&2-  Measurement  Technique  and  ^perimental  Results 


Taking  first  the,  element  corresponding  to  the  design  of  Pig.  7«6, 
the  open  ended  waveguide  apertures  of  four  elements  were  brought 
together  to  form  an  E-plane  array  with  the  waveguide  broad  walls 
in  direct  contact.  The  inter-element  spacing  was  1.3cm.,  corres¬ 
ponding  to  0.45  A  at  10.4GHz,  A  flat  sheet  of  microwave  absorbing 
foam  brought  up  to  the  plane  of  the  ipertures  was  used  to  overcome 
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reflections  from  the  array  supporting  structure. 

The  microwave  reference  signal  at  frequency  10.34GHz  was  distributed 
to  the  array  elements  via  a  4  way  power  divider  ;  a  line  stretcher 
was  included  at  each  output  of  the  power  divider  to  provide  fine 
phase  adjustment  of  the  element  RF  inputs.  The  IF  inputs  to  the 
elements  were  derived  from  four  independent  FLL  phase  shifters, 
all  locked  at  8th  harmonic.  For  these  simple  experiments,  each 
phase  shifter  was  controlled  by  means  of  a  push-button  which  trigg¬ 
ered  the  monostable  multivibrator  in  the  circuit  described  in 
Chapter  8.  Use  of  the  push  button  advanced  the  output  phase,  by 
one  increment  of  45° »  larger  phase  shifts  were  obtained  by  repeat¬ 
ing  this  operation. 

The  array  was  mounted  on  a  stepper-motor  driven  turntable.  An  anal¬ 
ogue  voltage  proportional  to  angle  was  derived  from  the  stopper 
motor  controller  via  a  pulse  counting  technique  ;  this  voltage  was 
then  used  to  drive  the  horizontal  axis  of  an  X  -  Y  plotter  on  which 
the  radiations  patterns  were  recorded.  A  repositioning  accuracy  of 
/vi°  was  obtained  from  the  turntable. 

The  array  and  turntable  were  positioned  in  an  anechoic  corner,  the 
walls  of  which  were  covered  by  microwave  absorbing  material  (  Plessev 
type  AF40  ).  A  20dB  gain  horn  placed  in  the  comer  was  used  to 
receive  the  radiated  signal,  which  was  then  applied  to  a  microwave 
spectrum  analyser  (  AIL-Tech  type  ^0^  ).  The  distance  to  the  horn 
was  140cm, which  was  significantly  larger  than  the  minimum  required 
for  far-field  measurements  given  by  2D  where  D  is  the  overall 
array  length.  The  value  of  this  quantity  for  the  experimental  array 
was  19cm  with  D  taken  as  5«2cm. 
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The  spectrum  analyser  was  used  to  provide  the  function  of  a  detector 
and  logarithmic  amplifier.  With  the  analyser  tuned  to  the  received 
signal  frequency  and  the  scan  rate  turned  to  zero,  the  video  output 
obtained  was  applied  to  the  vertical  axis  of'  the  X  -  Y  plotter  to 
give  a  logarithmic  plot.  The  calibrated  attenuator  of  the  analyser 
was  used  to  define  the  vertical  scale  on  the  plots. 


CW  transmissions  were  used  to  obtain  the  radiation  patterns  since 
the  oscillators  used  in  the  experimental  array  contained  Gunn  diodes 
optimised  for  CW  operation  and  difficulty  was  experienced  in  equal¬ 
ising  their  output  powers  and  free  running  frequencies  when  pulsed. 
In  general,  however,  diodes  optimised  for  pulsed  operation  would  be 
used  in  the  active  elements  previously  described. 


As  the  initial  step  in  the  measurement  of  the  transmission  radiation 
pattern  the  element  CW  output  powers  were  equalised  to  within  0.5dB 
by  means  of  the  Gunn  bias  supply  voltages.  Frequency  variations 
resulting  from  changes  in  the  bias  voltage  were  overcome  by  re tuning 
the  oscillators  via  the  standing  voltage  applied  to  the  varactor. 

With  the  array  positioned  with  the  receiving  horn  in  the  broadside 
direction,  the  IF  phase  shifters  were  initially  UBed  to  broadly 
maximise  the  received  power.  The  line  stretchers  in  the  HF  reference 
Inputs  to  the  elements  were  then  used  to  provide  fine  phase  control 
to  finally  maximise  the  broadside  power  and  to  match  the  sidelobe 
powers  and  null  depths  of  the  radiation  pattern  obtained.  From  this 
starting  position,  steered  beams  were  obtained  by  simply  applying 
phase  gradients  across  the  array  with  the  digital  IF  phase  shifters. 
The  measured  radiation  patterns  with  this  array  are  shown  in  Figs. 

9. 5  .to  9,13  ;  in  each  case  the  phase  shifts  introduced  to  steer  the 
beam  away  from  the  broadside  beam  position  are  shown.  Fig.  9.5 


shows  the  broadside  pattern  and  for  comparison  the  peaks  of  the 
steered  beams.  The  broadside  pattern  agrees  closely  with  that  which 
would  be  expected  from  theory  for  a  uniformly  illuminated  array  of 
this  size.  The  theoretical  angles  from  broadside  of  the  first  nulls, 
given  by 


where  N  is  the  number  of  elements  and  d  is  the  inter-element  spacing, 
are  -  33*748°,  the  experimentally  obtained  values  may  be  seen  tc  be 
in  close  agreement.  The  sidelobe  level  at  -13dB  is  also  in  agreement 
with  that  expected. 

Pigs.  9,6  to  9.12,  demonstrating  that  beam  steering  was  successfully 
obtained,  show  the  steered  patterns  obtained  with  'linear'  phase 
distributions  on  the  array,  i.e.  with  equal  phase  increments  between 
elements.  It  may  be  seen  that,  as  desired,  the  basic  pattern  shape 
is  maintained  in  the  steered  patterns.  The  reduction  in  the  peak 
of  the  main  beam  with  increasing  scan  angle  was  found  to  correspond 
to  the  average  of  the  element  patterns,  these  having  slight  differ¬ 
ences  due  to  the  different  mutual  coupling  situations.  That  the 
element  amplitudes  and  phases  were  well  matched  is  demonstrated  by 
the  symmetry  and  the  depth  of  the  broadside  null,  of  the  pattern  of 
Pig.  9*13. 

Por  measurement  of  the  transmission  radiation  patterns  of  an  array 
with  elements  corresponding  to  the  design  of  Pig.  7*12  using  a 
single  HP  mixer,  the  same  open-ended  waveguide  apertures  were  used. 
The  element  configuration  was  altered  to  the  basic  form  shown  in 
Pig.  9*3,  but  including  in  addition  the  line  stretcher  in  the  aper- 
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ture  feed  and  the  direction  coupler  preceding  the  mixer,  for  mini¬ 
mising  the  mutual  coupling  effects.  The  measured  circulator  leakage 
in  the  reverse  direction  was  Rs20dB.  The  level  of  mutual  coupling 
for  E-plane  open  ended  waveguides  is  known  to  be  particularly  high 
however,  and  in  practice  a  level  of  3?  -10dB  between  adjacent  elements 
was  found  to  exist.  The  mutually  coupled  signal  was  therefore  the 
dominant  term  in  the  combined  signal  appearing  at  the  signal  input 
of  the  HP  mixer. 

Previous  computer  simulation  described  in  Chapter  7  using  the  program 
in  Appendix  2  for  the  case  of  a  strongly  dominant  mutually  coupled 
signal  failed  to  produce  a  conclusive  result  ;  although  the  aperture 
feed  length  adjustment  procedure  in  the  program  successfully  produced 
a  broadside  beam,  any  attempt  to  steer  the  beam  resulted  in  the  program 
being  unable  to  converge  on  a  solution.  It  was  found  in  the  experi¬ 
mental  results  for  this  situation  that  the  element  VCOs  could  not 
be  locked  to  the  reference  signals  with  this  level  of  mutually 
coupled  power.  The  ’noisy1  spectrum  obtained  at  the  receiver  indic¬ 
ated  the  presence  of  instability  in  the  array.  Since  the  effective 
feedback  path  includes  several  of  the  neighbouring  elements  in  this 
situation,  it  may  be  expected  simply  on  the  grounds  of  the  increased 
loop  delay  alone  that  this  arrangement  would  be  more  prone  to  instab¬ 
ility.  This  aspect  of  the  work  requires  further  investigation. 

As  a  means  of  demonstrating  the  performance  of  this  element  design 
under  conditions  of  lower  mutual  coupling,-  lOdB  attenuators  were 
included  in  the  aperture  feeds  of  the  four  elements.  This  had  the 
effect  of  reducing  the  transmitted  power  by  10dB  and  the  mutually 
coupled  power  appearing  at  the  signal  port  of  the  HP  mixer  by  20dB. 

The  mutually  coupled  power  at  the  RF  mixer  was  now  typically  lOdB 


case  that  the  VCOs  could  be  locked  to  the  reference  signals  without 
difficulty. 

The  precedure  used  for  setting  up  the  broadside  radiation  pattern 
was  as  follows  t 

1)  The  broadside  beam  was  roughly  maximised  with  the  IP  phase  shifters 

2)  The  line  stretcher  in  the  element  feed  was  adjusted  to  maximise 
the  power  into  the  RF  mixer  (  the  power  at  this  point  was  monitored 
via  directional  couplers  ) 

3)  Steps  1 )  and  2)  were  repeated  until  no  noticeable  improvement 
occurred. 

4)  The  line  stretchers  in  the  RF  reference  inputs  were  then  used 
to  provide  fine  phase  control  to  give  the  best  pattern  shape. 

The  measured  broadside  radiation  pattern  and  the  peaks  of  the  steered 
patterns  are  shown  in  Fig.  9« 1 4*  It  may  be  seen  that  the  broadside 
pattern  exhibits  deep  nulls  and  is  comparable  to  the  pattern  of 
Fig.  9.5*  For  the  broadside  case  however,  adjustment  of  the  input 
phases  was  used  to  offset  any  phase  errors  introduced  by  the  mutual 
coupling  1  for  the  pattern  steered  away  from  broadside  with  the  IF 
phase  shifters,  it  would  be  expected  that  phase  errors  would  be 
introduced  by  the  mutual  coupling.  Evidence  of  this  may  be  seen  in 
the  steered  patterns  shown  in  Figs.  9»15»  9*16  and  9*17*  In  com¬ 
parison  with  the  plots  of  Figs.  9*6,  9*7*  9*8  it  may  be  seen  that 
some  degradation  of  the  pattern  shape  has  occurred  and  the  nulls  are 
no  longer  as  deep.  However,  the  pattern  shape  in  general  remains 
similar  to  that  previously  obtained  as  may  be  expected  since  the  level 
of  the  'effective*  mutually  coupled  signal  appearing  at  the  RF  mixer 
is  relatively  small  compared  to  the  circulator  leakage. 
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Comparing  the  measured  broadside  pattern  of  Fig.  9*14  with  the  com¬ 
puted  broadside  pattern  for  a  four  element  array  including  the  lOdB 
attenuators  shown  previously  in  Fig.  7 • 1 7 » two  slight  differences 
may  be  noted.  First,  the  pattern  level  at  -  90°  i3  greater  in  the 
computed  pattern  ;  this  corresponds  to  a  difference  between  the 
element  pattern  used  in  the  program  and  that  obtained  experimentally  ; 
the  flat  sheet  of  microwave  absorber  surrounding  and  in  the  plane 
of  the  experimental  open  ended  waveguide  apertures,  produced  a  low 
level  of  radiation  at  -  90°.  Secondly,  the  nulls  of  the  experimental 
pattern  are  lower  than  those  computed.  This  results  from  an  uninten¬ 
tional  difference  in  the  setting  up  procedure  for  the  two  arrays  ; 
in  the  program,  adjustment  is  made  only  to  maximise  the  sum  of  the 
circulator  leakage  and  the  mutual  coupling  at  the  mixer  input  ;  in 
the  experimental  array  the  final  adjustment  was  applied  to  the 
reference  input  phases  to  obtain  the  best  pattern  shape.  Noting  that 
the  computed  steered  patterns  were  steered  in  the  opposite  direction 
to  those  measured  experimentally,  broad  agreement  in  the  pattern  shapes 
may  be  seen  between  the  patterns  of  Figs.  7.18,  7*19,  and  7.20  and 
those  of  Figs.  9.1 6,  9«l6  and  9*17.  The  difference  between  the  patterns 
are  again  probably  due  to  the  different  setting  up  procedures  used. 

Finally,  measurements  were  taken  of  the  radiation  patterns  produced 
on  reception  to  demonstrate  the  indirect  phasing  approach  in  which 
phase  shifts  are  applied  indirectly  by  mixing  the  received  signal 
with  the  phase  shifted  IP  reference  signal.  The  received  signal  path 
which  may  be  seen  from  Fig.  9*1  to  be  common  for  both  element  designs, 
consisted  of  downconversion  of  the  signal  received  by  the  open-ended 
waveguide  aperture,  amplification  ^25  dB  gain  )  in  a  variable  gain 
low  noise  amplifier  and  then  mixing  with  the  IF  reference  signal. 

The  element  output  at  the  sum  frequency  of  the  IF  mixer  inputs  was 


applied  to  a  50-50°MHz  4 -way  power  combiner  (  Merrimac  ).  The 
combined  power  was  then  applied  to  a  spectrum  analyser,  as  before, 
to  provide  detection  and  logarithmic  amplification.  The  waveguide 
horn  in  the  anechoic  corner  which  was  previously  used  for  reception 
was  now  used  to  transmit  a  C'.V  signal  at  10.4GHz  With  the  IP  reference 
signal  at  60MHz,  an  RF  reference  signal  at  10.328GHz  was  chosen  to 
give  an  element  output  at  132MHz. 


Initially  the  element  output  powers  were  equalised  by  positioning 
the  array  with  the  transmitting  horn  in  the  broadside  position. 
Examining  the  element  outputs  at  132MHz  in  turn  with  the  spectrum 
analyser,  the  variable  gain  amplifiers  were  used  to  equalise  the 
output  powers.  Y/ith  the  array  in  the  same  position,  the  output 
phases  were  equalised  by  maximising  the  output  of  the  combining 
network  by  adjustment  of  the  line  stretchers  in  the  HP  reference 
inputs  to  the  elements. 


The  broadside  reception  pattern  and  the  peaks  of  the  steered  reception 
main  beams  are  shovm  in  Pig.  9« 1 8 •  Three  steered  patterns  are  shown 
in  Figs.  9»19»  9-20  and  9»21.  It  may  be  seen  that  these  patterns 
are  very  similar  to  those  produced  on  transmission,  as  may  be  expect¬ 
ed  on  the  basis  of  reciprocity. 


10.0  Introduction 


A  four  element  array  provides  a  rather  large  beamwidth  and  also 
presents  a  highly  non-uniform  situat/on  for  each  array  element  in 
regard  to  mutual  coupling.  With  eight  elements,  the  central  array 
element  is  non  more  closely  in  the  environment  of  a  very  large  array. 
Also,  with  eight  elements,  the  phase  steering  commands  are  nov;  suf¬ 
ficiently  complex  that  some  form  of  controller  is  required  and  this 
allows  different  philosophies  for  beam  steering  control  to  be  invest¬ 
igated. 
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10.1  Eight  Element  Array 

\ 

A  further  four  elements  of  the  type  described  in  Chapter  9  were 
constructed  Ihese  were  assembled  with  the  original  four  to  form 

an  eight  element  E-plane  array,  the  broad  walls  of  each  waveguide 
radiating  element  being  in  direct  contact  with  the  neighbouring 
element.  A  photograph  of  the  array  is  shown  in  Pig.  10.1. 

10.2  Beam  Steering  Controller 


| 


A  block  diagram  of  the  control  unit  is  shown  in  Pig.  10.2.  Each  element  I? 
stage  incorporates  a  phase  detector  to  measure  uniquely  the  phase 
state  of  the  element  with  respect  to  the  60I.IKZ  signal  derived  from 
the  480MHz  array  reference.  Ihe  output  of  the  phase  detector  in 
each  element  is  routed  to  a  column  of  LED  display  lights,  each  LED 
corresponding  to  a  particular  phase  state.  Por  the  8  elements  with 

8  possible  phase  states  (0°,  45°,  90° . 315°),  &  matrix  display 

of  8  X  8  LSD's  was  used.  Ihe  measured  phase  state  is  al30  coded 
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into  a  3-bit  binary  word  which  is  presented  to  a  comparator 
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(input  "A"  in  Pig.  10,2).  If  the  phase  word  i3  not  the  sane  as  that 
presented  at  the  other  input  to  the  comparator  (input  ”3"  in  Fig.  10.2), 
then  phase  shift  pulses  are  applied  to  the  element  phase  shifter  from 
the  comparator.  Ihe  word  presented  at  input  "B"  on  the  comparator 
is  the  required  phase  state  of  the  element  concerned,  which  is 
obtained  from  a  PEG, I  acting  as  a  look-up  table  for  phase  states 
required  to  produce  particular  beam  positions. 


To  access  a  particular  beam  position,  a  3-digit  number  is  entered 
on  a  conventional  keypad}  this  is  automatically  converted  to  a 
binary  address  for  the  PRGU.  Ihe  PRCM  (Intel  1702A-2)  is  ultra¬ 
violet  erasable  in  case  reprogramming  is  needed;  it  is  presently 
organised  as  256  words  of  8  bits.  For  each  beam  position  8  words  . 
are  used  to  provide  the  8  required  phase  states.  Only  the  three 
least  significant  bits  of  each  word  are  used,  allowing  space  for 
expansion  to  4  or  5-bit  phase  shifting  if  required.  With  the 
present  PRCJ.1,  32  beam  positions  may  be  accommodated.  Ihe  complete 
real  cycle  time  for  the  PR®  is  8(is  after  which  the  required  phase 

data  are  presented  to  the  comparators  via  latches  ^ 

phase  words  at  the  comparator  inputs  are  not  the  same  on  the  leading 

edge  of  the  phase  detect  strobe  pulse,  a  phase  shift  pulse  is  applied 

to  the  phase  shifter}  3|is  after  the  phase  shift  pulse,  the  comparator 

output  is  strobed  again,  the  process  repeating  as  necessary  until 

all  the  phase  words  are  matched,  whereupon  shift  pulses  are  inhibited. 


Ihe  maximum  number  of  phase  bits  any  element  might  need  to  be  advanced 
is  7  (i.e.  315°)*  At  present  this  takes  35fis,  giving  a  total  phase 
shift  time,  for  beam  steering  to  a  new  position,  of  43|±s  at  absolute 
maximum;  all  elements  are  phase  shifted  in  parallel  mode  since 
sequential  shifting  of  elements  would  take  an  excessive  time. 


The  time  for  beam  repositioning  could  be  reduced  from  the  43(is 
maximum  to  5^s  maximum  if  Schottky  TIL  were  used  for  the  PRCJ.C  and 
other  circuits. 

If  the  number  of  phase  shift  pulses  to  any  element  is  more  than  7> 
a  fault  has  occurred  within  the  element.  By  counting  the  number  of 
pulses  applied  to  each  element,  indication  of  phase  shift  malfunction 
is  obtained.  At  present,  a  failure  indication  is  given  if  15  or 
more  pulses  are  sequentially  applied  to  a  given  element.  Yfith  this 
"present  phase  state"  feedback  path,  the  system  cannot  produce  in¬ 
correct  phase  state  without  error  indication  being  given. 

A  photograph  of  the  controller  is  shown  in  Fig.  10.3. 

10.3  Measured  Radiation  Patterns 

Using  exactly  the  same  measurement  system  and  technique  as  given  in 
Chapter  9,  radiation  patterns  were  plotted  for  a  wide  range  of  beam 
positions  programmed  into  the  controller.  All  elements  were  set  to 
the  same  power  output,  giving  a  uniform  illumination  function  to  the 
array  aperture.  A  steered  beam  pattern,  for  small  beam  steering 
angle  is  compared  with  the  broadside  beam  in  Fig.  10.4.  A  slight 
increase  in  sidelobe  level  is  seen  due  to  the  coarse  phase  "staircase" 
along  the  array  aperture.  In  Fig,  10.5  comparison  is  made  between 
broadside  and  strongly-steered  beams.  It  is  pleasing  to  note  that  in 
this  steered  bean  case  the  sidelobe  level  remains  close  to  the  -13d3 
theoretical  for  the  uniformly  illuminated  aperture. 

In  all  cases  tested,  very  good  agreement  is  obtained  between  computed 
and  experimentally  measured  radiation  patterns  indicating  that  the 
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array  behaviour  is  v/ell-characterised  and  that  accurate  phase 
control  is  being  achieved. 
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11.0  Introduction 


In  order  to  demonstrate  the  viability  of  the  array  element  design 
given  in  Chapter  10  as  regards  quantity  production,  a  microwave 
integrated  circuit  (m.i.e.)  version  of  higher  output  power  has  been 
constructed.  Such  a  procedure  is  the  next  step  in  the  evolution 
from  a  "breadboard"  prototype  to  a  fully  engineered  production 
vers: on.  Ihough  the  basic  assign  is  tested  in  the  "breadboard" 
stage,  new  problems  can  arise  in  the  transfer  of  that  design  from 
discrete  components  to  an  integrated  circuit. 

ihe  m.i.e.  allows  very  considerable  cost  reduction,  particularly  in 
quantity  production,  since  the  packaging  of  individual  component 
parts  is  eliminated.  Biis  is  particularly  true  of  the  active  device 
providing  the  source  of  micro .vave  power,  where  packaging  and  HP  test 
comprise  the  major  part  of  the  device  cost.  For  this  reason,  it  was 
decided  to  use  unpackaged  microwave  semiconductor  devices  (KF  source, 
mixer  diodes,  etc.)  in  the  m.i.e.  element. 

A  choice  also  has  to  be  made  between  various  forms  of  m.i.e. 
construction,  microstrip  and  stripline  being  the  most  common.  Strip¬ 
line  has  the  advantage  of  lower  r,f.  power  losses  since  it  is  an 
almost  fully  enclosed  structure;  however,  this  very  aspect  makes  it 
a  more  difficult  structure  in  which  to  incorporate  microwave  semi¬ 
conductor  devices  and  perform  tuning  adjustments.  For  these  two 
reasons,  if  the  m.i.e.  is  reaso.  .oly  compact  with  short  line  lengths, 
it  is  generally  preferable  to  make  use  of  the  cicrostrip  configurate  on. 
Ilicrostrip  has  therefore  been  chosc-n  in  the  present  work. 
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The  remaining  choice  lies  between  thick  and  thin  film  technology 
for  the  formation  of  the  nicrostrip  lines  and  circuit  elements.  For 
higher  microwave  frequencies  (X-Band  and  above)  the  normal  choice  is 
thin  film  technology  because  of  the  lower  losses  associated  with  the 
homogeneous  and  well-defined  conductor  layer.  However,  thin  film 
technology  requires  high  standards  of  circuit  fabrication  in  regard 
to  cleanliness  and  complex  plant}  it  is  therefore  not  so  amenable  to 
mass-production,  ihick  film  circuits,  by  contrast,  do  not  require 
vacuum  processing,  complex  equipment  or  high  standards  of  cleanliness. 
Once  the  circuit  design  is  defined,  circuits  can  be  mass-produced 
easily  and  at  low  cost.  Recent  work  at  the  Royal  Signals  and  Radar 
Establishment,  I.talvem,  U.K.  has  shown  that  thick  film  techniques 
can  be  used  with  success  up  to  frequencies  in  excess  of  16GHz,  so  it 
was  decided  in  the  present  work  to  use  this  form  of  circuit  construct¬ 
ion. 

From  the  outset,  therefore,  circuits  were  fabricated  by  the  standard 
thick  film  screening  process.  After  circuit  design,  a  positive  mask 
(lOX  scale)  was  drawn  and  photo-reduced  on  to  the  photoresist  material 
coating  of  400-mesh  stainless. steel  screens. Fritless  inks  (palladium  - 
silver  for  development  work  -  Electroscience  ?990,  gold  for  final 
circuits  -  Electroscience  8880)  in  conjunction  with  alumina  substrates 
(3M  Co.,  type  838  Alsimag).  typical  loss  for  test  sections  of  50ft 
microstrip  transmission  line  was  0.25d3  per  wavelength  at  a  frequency 
of  10GHz. 

11.1  Overall  Circuit  Configuration 

As  mentioned  in  Section  7*2.2,  element  designs  v/ith  a  common  path 
for  the  loop  feedback  signal  and  for  the  received  signal  can  suffer 
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from  phase  errors  due  to  mutual  coupling  between  array  elements  in 
the  transmit  mode  of  operation.  The  design  of  Pig.  J.6,  v/ith 
separate .BP  and  IP  mixers  in  transmit  and  receive  channels  was  there¬ 
fore  chosen  to  ensure  satisfactory  operation  even  in  high  mutual 
coupling  environments. 

To  demonstrate  higher  HP  power  operation  than  the  several  hundred 
milliwatt  level  of  the  modules  described  in  Chapters  9  and  10,  it 
was  decided  to  use  a  pulsed  Gunn  diode  (Plessey  Co.  Ltd.)  of  nominal 
10  Tl  RF  output  power  rating  (l|is  pulse,  0,1  $  duty  cycle)  at  10GHz. 
With  this  level  of  output  power,  circulator  reverse  leakage  («  -  20cS) 
or  antenna  mismatch  can  result  in  destructive  levels  of  power  reaching 
the  receive  section  mixer.  A  limiter  diode  was  therefore  added  before 
the  mixer  to  limit  the  maximum  mixer  input  power  to  lower  than 
+  20dBm. 

For  ease  of  integration  with  the  ra.i.c.  construction  the  radiating 
element  was  chosen  to  be  a  conventional  microstrip  dipole  with  arms 
on  opposite  sides  of  a  small  alumina  substrate  and  a  balun  to  match 
the-  dipole  to  50ft  microstrip  line. 

In  other  ways,  the  module  circuit  design  followed  the  practice  out¬ 
lined  earlier,  except  that  a  design  frequency  of  9.4GHz  was  chosen, 
consistent  with  common  military  radar  frequency  allocations. 


11.2  Individual  Circuit  Element  Design 


This  section  describes  the  design  and  development  of  the  various 
circuit  components.  Each  component  was  first  built  and  tested  on  a 
separate  alumina  substrate  before  the  design  was  transferred  to 
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the  complete  module. 

11 .2.1  Gunn  Diode  Hatching  Circuit 

The  optimum  matching  impedance  for  the  pulsed  Gunn  diode  is  not 
known  exactly,  but  is  in  the  region  of  2ft.  The  device  itself  also 
has  capacitive  properties  associated  with  the  semiconductor  chip 
mounted  on  a  goldplated  copper  block,  or  manual.  The  gold  bonding  tab 
from  the  diode  has  inductive  properties  and  is  designed  to  resonate 
with  the  chip  capacitance  in  the  region  of  the  normal  operating 
frequency.  Thus,  the  circuit  requirement  for  optimum  device  opera¬ 
tion  is  a  transformer  to  present  a  2fl  real  impedance  to  the  diode 
when  terminated  with  the  standard  load.  The  impedance  trans¬ 
formation  provided  by  the  transformer,  together  with  the  bond  wire 
inductance  and  chip  capacitance  determine  the  operating  frequency; 
this  frequency  may  therefore  be  set  by  minor  mechanical  adjustments 
to  the  circuit  or  to  the  transformer  design. 

The  transformation  ratio  from  to  2fi  is  large.  For  broed-band 
applications,  this  would  be  accomplished  with  a  multi-section  trans¬ 
former.  In  the  present  case  however,  bandwidth  is  not  of  great 
importance  and  the  transformation  can  just  be  accomplished  with  a 
single-stage  quarter  wave  transformer  without  violating  the  restrict¬ 
ion  that  the  characteristic  impedance  of  the  quarter-wave  section 
must  not  be  so  low  that  tlv  microstrip  line  width  can  exceed  half 
a  guide  wavelength. 

(57) 

Using  the  standard  m.i.o.  design  equations  ,  it  is  found  that 
the  quarter-wave  section*  should  have  characteristic  Impedance 
ZQ  =  13J?  which  implies  a  1 ine  width  to  substrate  thickness  ratio 
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v'/h  =  7 •  92  on  alumina.  For  0.025  \O.63  ran)  thickness  alumina, 
therefore,  w=  5*C3r.n.  Compensating  the  end  effect  capacitance  of 
the  transformer  section,  the  length  of  the  quarter  wave  line,  1,, 
becomes  =  2.62,  fQ  =  9.40Hz)  approximately  8.5  mm.  A 

drawing  of  the  transformer  is  given  in  Fig.  11.1. 

With  a  quarter-wave  transformer  of  this  design  in  thick  film  format 
positioned  so  that  the  low  impedance  side  was  at  the  edge  of  an 
alumina  substrate  and  the  50^  output  line  terminated  in  a  coaxial 
matched  load  at  the  other  side  of  the  substrate,  pulsed  r.f.  output 
power  in  the  region  of  3-5 W  was  obtained.  The  pulse  length  was 
0.5^3  at  2 KHz  PHF  and  the  diode  pulse  bias  supply  was  35'-r  at  3A. 

In  the  free-running  mode,  without  phase  locked  loop  control,  the 
frequency  chirp  was  approximately  60HHz ,  a  high  value  resulting 
from  the  low  Q-factor  of  the  microstrip  oscillator  circuit, 

11.2.2  Varactor  Thning  Circuit 

Ir.  order  to  control  the  free-running  frequency  of  the  Gunn  diode 

electronically,  as  required  by  the  phase  locked  loop  control  scheme 

it  was  necessary  to  couple  a  varactor  to  the  Gunn  oscillator;  as 

in  the  waveguide  cavity  oscillators  used  previously,  this  alters  ih 

load  susceptance  seen  by  the  Gunn  diode  and  thus  changes  the  output 

frequency  of  oscillation.  There  are  several  ways  of  coupling  the 

varactor  to  the  Gunn  diode,  but  a  method  which  alio-, vs  DC  isolation 

and  hence  ease  of  independent  biasing  of  varactor  and  Gunn  is  the 

use  of  a  parallel-line,  quarter-wave  directional  coupler  (Fig.  11.2 

/  no  \ 

This  follows  very  standard  design  procedure'3  which  may  be  implex 
ented  using  a  pocket  calculator.  The  value  of  coupling  required 
is  a  function  of  the  tuning  range  over  which  the  VC0  must  operate 
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and  a  simple  theoretical  expression  for  this  tuning  range  has  been 
derived  by  Hewitt 

In  the  present  case,  since  no  frequency  agility  for  the  module 
transmitted  output  frequency  is  being  considered,  the  varactor  need 
only  tune  the  Gunn  oscillator  over  a  frequency  range  sufficient  to 
encompass  the  natural  frequency  chirp  of  the  oscillator  due  to 
diode  heating  during  the  pulse  and  also  any  drifts  in  free-running 
oscillator  frequency  over  the'  operational  temperature  range.  In  view 
of  the  60MHz  chirp  observed  earlier,  together  with  allowance  for 
ambient  temperature  induced  frequency  drifts,  a  minimum  frequency 
timing  range  of  100MHz  for  varactor  control  is  indicated.  From 
the  theory  of  Hewitt,  this  then  implies  coupling  of  the  varactor  to 
tho  Gunn  diode  with  a  lOdB  coupler.  It  is  worth  noting  that  very 
little  benefit  would  be  obtained  by  increasing  the  c  oupling  further 
as  the  r.f.  power  then  incident  on  the  varactor  is  rectified  to 
produce  significant  DC  voltages  which  reduce  the  varactor  operating 
range. 


For- the  10dB  coupler  on  0.025"  alumina  substrate,  the  following  design 
values  were  used  s  even-mode  impedance,  ZQe  =  69.45?  5  odd-mode 
impedance,  Zqq  =  36.05?  ;  ,/eT^  =  2.51  5  normalised  line  separation, 
s/h  =  0.24  implying  s  =  0.15  nm  »  normalised  line  width  w/h  =  0.82, 
implying  w  =  0.52  mm  ;  quarter  wave  section  length  at  fQ  «=  9*4  GHz, 

1  =  */4VVf  =  3,14 


Ihe  505?  load  on  the  fourth  arm  of  the  coupler  was  provided  by  a  505? 
tapered  restive  film,  also  fabricated  in  thick  film  technology  with 
I0ty square  resistive  ink.  (SLectroscience  3911 )>  such  loads  present¬ 
ed  better  than  1.2  7S.7H. 
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11 .2.3  Coupler  for  Loot)  Signal 


Hie  same  method  of  coupler  design  was  used  for  the  coupler  to  provide 
a  sample  of  the  Gunn  oscillator  output  for  the  phase  locked  loop. 

Hie  coupling  value  here  was  chosen  as  20dB  30  that,  even  with  maximum, 
possible  output  of  lOWfrom  a  Gunn  diode,  the  signal  entering  the 
loop  HP  mixer  would  not  exceed  the  100m\7  damage  level.  Por  this 
coupler,  the  design  values  were  «  ZQe  =  55. 3f 1  5  ZQQ  =  45.2ft  5 
^/eeff'  =  2.48  5  s/h  =  1.13,  implying  s  =  O.72  mm  ;  w/h  =  1.06, 
implying  w  =  O.67  ram  ;  1  =  3,18  mm. 

Again,  the  resistive  load  on  the  fourth  arm  of  the  coupler  was  fabric¬ 
ated  in  thick-film  technology.  Hie  performance  of  this  coupler,  to 
give  a  typical  test  example,  independently  assessed,  is  given  in 
Fig.  11.3. 

11.2.4.  Band-pass  Filter 

In  order  to  provide  d.c.  blocking  between  the  Gunn  diode  and  the  module 
output  as  well  as  to  eliminate  any  harmonic  or  spurious  signals,  a 
band-pass  filter  was  provided  in  the  output  line  before  the  circulator. 
A  maximally-flat  response  with  one  element  in  the  low-pass  prototype 
was  chosen,  the  design  being  for  9 • 4GHz  centre  frequency,  10/  band¬ 
width  and  50ft  terminating  impedances. 

Following  the  treatment  of  Katthaei^^’  the  even  and  odd  mode  imped¬ 
ances  were  calculated  for  the  coupled  lines  and  from  standard  design 
^61 ) 

curves'  ,  the  width  and  line  spacing  of  the  half-wave  resonator 

section  was  calculated.  Hie  design  values  used  were  :  s/h  -  0.38  , 

implying  s  =  0.24  ;w/h  =  0.82  ,  implyingw=  0.52  mm  ;  =  6.6l; 

half-wave  section  length,  end  corrected,  1  =  5«7S  nm.  A  computer 

374 


$ 

§ 


sp 

# 


Microstrip  Directional  Coupler  Performance 


program  for  the  design,  v/ritten  in  FOlTdAN,  is  given  in  Appendix  4.  . 

Measurements  on  a  test  filter  using  a  1"  x  1"  substrate  with  05M 
microwave  connectors  are  shown  in  Pig.  11. 4.  At  the  design  frequency 
the  insertion  loss  is  in  the  region  of  1dJ>,  some  0.5d3  of  which  may 
be  accounted  for  by  the  connectors. 

11.2.5  Circulator 

A  ferrite  circulator  was  employed  to  separate  transmitted  and  received 
signals  in  the  module.  The  design  procedures  used  v/ere  based  on  the 
well-known  Bosma  theory'  *,  which  allows  calculation  of  the  circul¬ 
ator  dimensions  from  given  ferrite  material  parameters.  A  triangular 
shape  has  been  adopted  for  the  central  conductor  pattern  in  order  to 
achieve  maximum  possible  bandwidth.  Quarter-wave  transformer  sections 
allow  matching  of  the  three  lines  to  the  low  impedance  central  region. 

For  under-resonancj  operation,  assuming  that  only  the  dominant  mode  • 
has  significant  amplitude,  the  radius  of  the  magnetised  ferrite  region 
under  the  central  conductor  pattern  is  given  by  : 


where  Xq  is  the  free  space  wavelength  at  the  centre,  band  operating 
frequency  f 


where  p  and  X  ate  the  parameters  of  the  ferrite  permeability  tensor. 

Now  |1=  1  and  K  =  -  (d^/u^  with  U)^  =  2uY  (the  "ArM  11  saturation 

magnetisation)  Y -  2GGKz/?esla  (the  gyromapnetic  ratio)  and  w  -  2Ttf  . 
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The  ferrite  substrate  thickness  was  choseft  as  0,025"  for  compatibility 
with  the  .alumina  substrates  and  also  as  a  compromise  between  keeping 
the  microstrip  line  width  as  large  as  possible  (w/h  constant)  and 
keeping  the  substrate  thin  to  avoid  higher  order  mode  propagation. 

A  Transtech  TTI-2500  ferrite  with  4n;M  =  2500  gauss  (0.25  Tesla), 
loss  tangent  tan6<  0.00025  and  relative  pennutivity  =  12.9  was 
chosen.  .  Quarter  wave  transformers  of  line  width  0.73  mm  and  length 
3.0  mm  provided  the  matching  at  each  port,  The  circulator  magnet 
was  made  from  Magnadur  330  material  (itillard  Ltd.)  ,  magnetised  to 
yield  a  flux  density  of  approximately  2200  gauss,  some  10 less  than 
the  saturation  value.  The  full  circulator  design  computer  program 
is  given  in  Appendix  3. 


Typical  performance  characteristics  for  this  circulator  design,  using 
a  1"  x  1"  substrate  and  mounted  in  a  test  jig  with  0SM  connectors, 
are  shown  in  Fig.  11. 5»  The  insertion  loss  is  just  over  IdB,  some 
0.5dB  of  which  is  due  to  the  connectors.  The  isolation  is  better 
than  20dB  in  the  design  bandwidth. 


11.2.6  Balanced  fixer 


A  balanced  mixer  design  was  chosen  to  provide  good  isolation  between  '  I 

:  H 

the  signal  and  the  local  oscillator  inputs  as  well  as  to  provide  i  i 


suppression  of  local  oscillator  a.m.  noise.  The  same  design  was 
used  for  down-conversion  in  the  loop  on  the  transmit  side  and  also 
for  the  mixer  on  the  receive  side. 

The  3dB  splitting  action  required  in  balanced  mixers  was  provided  by 
a  branch  lin>  coupler  rather  than  a  hybrid  ring  or  rat-race  coupler; 
this  latter  coupler  has  non-adjaoent  output  arms,  requiring  a  bridge 
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over  one  input  conductor  and  this  is  inconvenient.  A  standard  design 
taking  into  account  ^junction  discontinuity  effects  was  used. 

This  design  of  coupler  provided  a  measured  power  split  of  very  close 
to  3<iB  and  better  than  20d3  isolation.  Detailed  performance  curves 
are  shown  in  Pig.  11.6. 

Bie  mixer  diodes  fed  from  the  output  ports  of  the  branch  line  coupler 
were  GaAs  Schottky  barrier  devices  (A3I  Sype  DC  1 30i.;) ,  obtained  as 
a  matched  pair;  Hie  noise  figure  quoted  is  6«0d3,  the  conversion 
loss  4.5dB,  the  IP  impedance  400ft  ,  the  VSVffi  2:1  and  the  peak  burn-out 
level  400m’.y.  Quarter-wave  lines  of  high  impedance  from  the  two  coupler 
HP  output  ports  to  ground  were  provided  as  a  DC  return  for  the  diode3. 

Low  pass  filters  following  the  diodes  were  used  to  select  the  6011Hz 
IP  signal  and  provide  good  rejection  to  HP  signals.  A  seven  element 
design  was  chosen  with  cut-off  at  5GKz.  Insertion  los3  for  frequencies 
below  1GHz  was  less  than  0.5dB,  while  from  8  to  10GHz  the  insertion 
loss  was  23dB. 

An  overall  conversion  loss  of  6dD  was  obtained  for  the  mixer?  the 
noise  figure  has  not  at  present  been  measured. 

11.2.7  Pinole  Antenna 

though  at  present  separate  from  the  nodule  and  connected  with  an 
OSM  connector,  the  antenna  was  constructed  also  in  m.i.e.  form  on 
alumina  substrate,  permitting  easy  integration  with  the  rest  of  the 
module  if  required. 
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A  0,025"  thick  alumina  substrate  was  again  used  ;  quarter  wavelength 
dipole  arms  were  formed,  one  on  each  side  of  the  substrate.  A  balirn 
section  performed  the  matched  transition  to  the  imbalanced  conventional 
50 Q  microstrip  line  and  ground  plane.  A  similar  form  of  antenna  has 
been  used  by  7/asse  and  Lenison^^. 

11.2.8  Miscellaneous  Components 


A  3dS  power  divider  tc  divide  the  r.f.  reference  signal  between  local 
oscillator  ports  of  the  two  r.f.  mixers  was  constructed  using  the 
design  procedure  given  by  Menzel^0^.  It  comprises  essentially  only 
a  quarter-wave  transformer  section  to  match  one  'jOQ  line  to  two 
parallel  50^  lines,  but  some  slight  correction  for  the  line  section 
discontinuities  is  necessary. 

In  order  to  protect  the  receive  side  r.f.  mixer  from  large  signals 
due  to  antenna  mismatch  or  any  form  of  leakage  during  the  transmit 
pulse,  a  Si  PUT  diode  limiter  (Alpha  type’  17 6-001 )  was  inserted  at 
the  junction  of  tne  circulator  and  receiver  substrates  just  before 
the.  receive  side  mixer.  Ihis  limiter  has  a  quoted  insertion  loss  of 
O.ldB  with  a  maximum  leakage  of  1  QOitf.7,  well  below  the  damage  level 
of  the  mixers.  Protection  is  provided  against  input  signals  of 
2U  C7I  or  lOOtf  (l|is)  pulse. 


Hie  remaining  microwave  circuiting  in  the  module  comprised  bias 
lines  for  the  Gunn  diode  and  varactor.  Ihese  were  fabricated  using 
fine  (0.G01")  wire,  a  quarter  wavelength  long  in  air  above  the 
substrate.  An  RF  short  circuit  termination  was  provided  by  a  10pF 
chip  capacitor  At  the  end  of  the  wire  away  from  the  device. 
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na  Module  Layout  and  Mechanical  Construction 

Ihe  whole  module,  as  shown  in  the  photograph  (?ig.  11. 7),  i3 
assembled  in  a  machined  aluminium  box.  Ihree  substrates  are  used 
for  convenience  of  assembly  in  development  work  though  all  the 
module  could  be  on  one  substrate  if  a  ferrite  insert  were  provided 
for  the  circulator. 

Ihe  phase  locked  loop  circuitry,  exactly  as  given  in  Chapters  4  and  9> 
was  assembled  on  a  printed-circuit  board  mounted  in  a  recess  on  the 
underside  of  the  module;  this  facilitated  short  connections  between 
the  m.i.c.  substrates  and  the  loop  components  without  need  for  external 
interfaces. 

Further  development  work  is  proceeding  to  improve  the  module  output 
power  by  means  of  improved  matching  of  the  Gunn  diode  to  the  load. 

Ihe  achieved  performance  at  present  is  as  follows  : 

Output  Power  'j'H,  14s  pulse,  2kHz  PH? 

Varactor  Control  Hange  70I.Hz 

I.F.  Output  1201.1Hz 

Loop  I.F.  601.1Hz 

I.F.  reference  frequency  60HKz  ,  +  5d3m 

R.F.  reference  frequency  9*4  GHz,  +  5dBm 

Loop  Settling  Time  100ns 


Conclusions 


The  review  given  in  Chapter  3  ^  the  powers  at  present  available  from 
micrcwave  solid  state  devices  shows  that  generation  of  the  power 
levels  typically  required  for  radar  can  now  realistically  be  achieved 
with  the  active  array  approach,  particularly  at  the  lower  microwave 
frequencies.  The  principal  attraction  of  solid  state  microwave  power 
generation  is  its  high  reliability  in  relation  to  that  of  vacuum 
tubes,  and  since  both  the  reliability  and  the  powers  available  from 
solid  state  sources  will  almost  inevitably  continue  to  improve  as 
device  technology  progresses,  it  would  appear  likely  that  interest 
in  active  arrays  will  continue  to  grow. 

Clearly  the  obvious  approach  to  the  design  of  active  array  elements 
is  that  based  on  the  use  of  amplifiers  ;  however,  the  cost  and  com¬ 
plexity  associated  with  the  use  of  mult.iple  stages  of  gain  within 
the  element  (  often  required  since  typical  microwave  amplifier  gains 
are  ~6d3  )  and  the  cost  of  microwave  phase  shifting,  has  proved 
to  be  a  severe  problem.  The  work  described  in  the  preceding  chapters 
has  thus  concentrated  on  the  investigation  of  possible  approaches 
based  on  phase-locked  oscillators. 

The  characteristics  of  both  forms  of  phase  locking,  i.e.  injection 
locking  and  phase-locked  loop  synchronisation,  were  examined  in 
Chapter  4.  It  was  concluded  that  despite  the  attractive  simplicity 
and  high  possible  locking  gain  of  injection  locked  sources,  the  phase 
error  introduced  by  the  locking  process  would  usually  limit  the 
locking  gain  that  could  be  used  in  practice  to  a  level  less  than 
lOdB,  The  phase-locked  loop  alternatively  was  found  to  offer  an 
attractive  combination  of  properties.  It  was  shown  that  by  the  use 
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of  the  second  order  loop  transfer  function,  low  phase  errors  could 
he  achieved  in  addition  to  the  use  of  high  values  of  locking  gain, 
furthermore,  it  was  shown  that  using  the  heterodyne  form  of  the 
phase-locked  loop  the  microwave  phase  shifter  usually  required  for 
team-steering  could  be  replaced  with  an  intermediate  frequency  type. 


Following'  considerations  of  the.  influence  of  the  overall  array  pro¬ 
perties  on  active  element  design  in  Chapter  5»  possible  designs 
based  on  injection  locking  were  considered  in  Chapter  6.  It  was 
found  however,  that  due  to  the  restriction  on  locking  gain,  little 
advantage  over  the  use  of  amplifiers  in  these  designs  could  be 
achieved  ;  microwave  phase  shifters  were  still  generally  required 
for  beam  steering. 


In  Chapter  7*  element  designs  based  on  the  phase-looked  loop  were 
considered.  A  number  of  possible  designs  using  the  heterodyne ■ phase- 
locked  loop  were  described  and  two  considered  to  be  of  particular 
interest  were  shown  in  Figs.  7.6  and  7*12.  Since  it  was  recognised 
that  mutual  coupling  could  introduce  phase  errors  in  the  design  of 
Fig.  7*12  a  program  to  simulate  the  behaviour  of  an  array  of  these 
elements  under  various  mutual  coupling  conditions  was  developed. 

For  large  arrays  the  program  indicated  that  the  behaviour  of  the 
array  was  fairly  insensitive  to  mutual  coupling  over  a  large  range 
of  values,  however,  it  remains  for  further  work  to  determine  a 
guiding  value  for  the  maximum  mutual  coupling  level  that  should 
exist  using  this  element,  when  a  given  sidelobe  level  is  required. 

It  may  be  noted  that  the  other  element  design  of  interest  is  essen¬ 
tially  unaffected  by  mutual  coupling. 


Although  any  IF  phase  shifter  could  be  used  in  the  elements  described 
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in  Chapter  7»  a  novel  digital  design  baaed  on  a  harmonically- 
locked  phase-:locke<?.  loop  was  described  in  Chapter  8.  'ihe  main 
attractions  of  this  design  are  the  high  phase  accuracy  and  the 
simple  control  requirements. 


In  Chapters  y  and  10,  the  results  obtained  with  four  and  eight  element 
arrays  ■vere  presented.  Ihe  experiments  basically  demonstrated  that 
beam  steering  on  both  transmission  and  reception  may  indeed  be 
achieved  using  only  IP  phase  shifters  with  the  heterodyne  loop. 
Moreover,  it  was  shewn  that  the  system  lends  itself  very  readily 
to  a  simple  and  direct  interface  with  a  'PEL  based  digital  beam 
cheering  controller  or  computer. 

Finally  in  Chapter  1 1 ,  the  realisation  of  the  element  design  in  micr- 
wave  integrated  circuit  module  form  with  several  watts  of  pulse 
output  power  was  described;  this  demonstrates  the  viability  of  the 
design  for  quantity  production  as  would  be  required  in  a  large  array. 


APPENDIX  1 


FORTRAN  Computer  Program  to  Calculate  the 
Acquisition  Phase  Transient  of  a  Second 


« 


Order,  Type  (toe  Phase-Locked  Loop. 
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c 

C  PHAS E  PI.AMF  ANALYSIS  OF  A  SFrO'Tl  pnF.K  TYPE  OfiF 

C  PKASF.  l.f'CKFH  l.OO|*.  THE  t  f'- 1 T  T  A(_  R«TE  Of  cUAliFT 

C  Or  PHASE  FOR  A  GIVLI'I  I'HASF  IS  T  A  K  F I  •  FROH  TU[  FIRST 

C  nrnr r  cast 

r 
c 

C  1 1 -K  Tff'tl  \'0|TA0E  TS  sin,  THt  Ot'TnUT  VOLTaf.F  IS  COS 

c 

RCAl  ► 

Ih'TFOF  R  FOUNT, CO' '►•Ti' 

REAU(r.,3  )  aFPFOF  ,K,l’iF|  PHI  ,TAI!OMF.,TAUTl‘iO,COIIfiTf' 

C  THESE  VALUES  APF  LUTFR.FO  If)  PARIAH  FORM 
1  FORMAT  ( 2F1D. *», F 10. 4,?F1 0.4,  II  ) 

WPITr  (f.,P^)AFR(;OF  .‘'.OrLPHI 

S3  FORMAT  (  3  HI  ,  IPX,  ‘OFFSET  RAO  FRFO  =  1  ,  Tl  0  .  ‘I  ,  5X  ♦  *  *  (LOOP  FAIN)  =  •, 
FE10.4,r'X,  M’llAsF  II  c  (PADS)  =  *,Flf.  .6,/) 

URITF  (6,87)  TAUOMr ,  TAUTWo 

07  FCRi'AT  ( IPO  ,  1  n>. ,  •  T  AUOf‘F  =  *ri0.4,J  Pv  ,  •TAHTUf'  =  *,1110.4,/) 

COM?  T=0 
0=0 

•  64  COf-TTf.’UF 

PLAC'  ( 5 ,  V*  )  PHITC 
18  F0r!-AAT(flP,4) 

tj:f=o. 

C  SET  PHI  TO  TPF  INITIAL  CONDITION 
PI*I=PMITG 
3  COO!!T=COl!f,T  +  1 

IF  ( COUNT .CT.COUNTfl)  GO  TO  200 
UO  80  1=1, POO 

C  USE  THE  rjRST  orr-FA  IOOP  EXPRESSION  FOT  THF  FIRST  VAl.ljC  nF  PHIDOT 
IFtT.FO. 1)  PMinOT=AFROnF  -  (i<*SIN  (rhT  )  *  (TAIlTtoQ/TMJQME  )  ) 

C  IF  PHinr-T  IS  POSITIVr,  THF  PHASE  INC  must  rf  NFOAT IVE  ANr.  vice  VERSA 
opFiSson.PHi 

irtPHIf-ni  .t.E.O. )  l;OHIS=0.-nf  l  FHI 

C  THF  POLL 00 1 f  G  CARf'S  DEFfif  A  SF.  THE  PHASE  STEP  NEAP  PHIPOTsO  1 0  AVOIR  rRR  “iR 
TF  (  (Pliir.OT.LT.P.O)  .AMP.  ( P^IliOT  .  0T  ,4,“5,*10.*tF  )  )  PPIITSrO  .  O-PEI.PHI 
K  A,n. 

IF  <  (PHirOT.RT.O.OI.AMP.  <PHir.OT.LT.E.*10.**6>  )  OPHTS=r-FLPHT/f.O. 

•  t  EVALUATE  PHT-.jp 

Rs(AFror.F-K4t«sjfi(PHT)  )/(  f AMON’F *"PHTl’r'T  ) 

S=tl  .+K*TAUTUO*COS{PHI )  )/TAUOUE 
•  PHIt)Tr=P-s 

:  C  CALCULATE  THF  fJFW  PHI 
PHlsPhT+r.pUTS 

C  EVALUATE  PHI  IM  t 'EGRESS 
;  PM0=(RRI»^Sn.)/(?.*3.T42) 

CF-VALUATL  THE  IT"  PHIDOT 

PHir.oT=PH7roT+rHit)Tr*Ppwi.s 

I  C  TO  SHIP  ACROSS  Zf.no  '*'H[.N  PHILOT  IS  S’.ALL 
;  IFt  (PI-.If'OT.OT.fi.O)  .A*  P.  (PUir;OT.l  T.S.*jn.**5)  )  CO  TO 

‘  GO  TO  !S3 

152  PHI  I  OT=0.G-3.*10.**5 
Vc*y  TTE  (6,0) 

8  For<F.('T(l!i  ,  1 PX ,  *  SR  Tpprn  noun*) 


Gf;  TP  79 

lti3  IF  (  (PhlPOT.t.T.  0. 0 )  •  APP»  ( PHI  DOT.  ***>))  GO  TO  155 

GO  TO  157 

155  »>liirOT=?.«t10.**5 
WRlTE(6i7> 

7  F0RP!AT(1H  «10X* 'SKTPPEn  UP*) 

GO  TO  79 
157  CONTmJF 

C  CALCTHE  TIME.  STEP  INVOLVED  IU  THF.  FVAi-UATUIOM  OF  THE  Pf.W  PHIOOT 
PELT  TP  =-AG:3  *  OPMIS )  /ARS(PHIDCT) 

TlPr=TIP'F+nF-LTI« 

A=SImU*HI) 
ir(I.EO.l)  GO  TO  25 
J=J+1 

IF (J, TO. 3)  GO  TO  73 
GO  TO  70 
73  J=0 

GO  TO  33 
28  WRITF (G« 12 ) 

12  FORMAT ( llll » 10X i '  TIME  • « 1 5X  *  •  PHI  IN  DEGREES*  »10Y *  •PHIOOT*  «20X« 
R’SIfMPUJ ) * «10X« ♦HHtDir* «10X» *1* «/) 

33  WRITE ( G » 13 )  T I ME * PHI PH I NOT «  A  ,PhTDIF.I 

1.3  FORMAT (1H  «10X«E12.4  « I  OX  .F10.4, 1  Ay  «F12.4 , 1  OX  »rl  0 .4 1 10X  .C12.9  , 
R6X«X*n 
79  CONTINUE 
60  CONTINUE 
GO  TO  6<t 
200  CONTINUE 
STOP 
END 
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Flov/  Chart 

\  Number  of  Elements,  NEL;  Scan  phase  step,  PHINC;  Mixer  phase,  PHM(i90°)» 
\  Zq?  Convergence  phase  error0,  ER1JAX;  Circulator  parameters,  CLKG,CRPMA, 
\  CRPKB;  Path  lengths,  PATHA,  PATHB,  PATHC;  Output  powers,  POUT;  j 

\  Real  &  Imag.  parts  of  normalised  mutual  impedances,  AR  &  AI;  / 

\  Radiating  element  impedances  (isolated),  ZNN;  Max  phase  between  / 

\  elements  at  full  scan,  PHULT;  Element  spacing,  D;  / 


Write  out  data 
'  parameters 


Set  up  path  lengths 
EMU,  PSI,  UPS 

f"  I  7 

Set  up  impedance 
matrix  of  Eqn.(7.9) 

DO  13  KK=1 ,KKMAX  \ 
Successive  scan 
posns .  from  broadside/ 

Set  up  values 

for  *p  at  each  element 

\  r 

Set  up  source  phases 

initially  assuming 

e=90  -  u  +9 _ 

$44) - 

»  ■ 

Set  up  complex 

source  voltages 

v _ 

Invert  matrix 

(F04ADF  routine) 

to  give  currents  Cl 

_ _ 

v 

Calculate  rad. 
impedance,  refl. 
coefficient 


REAL*ti  .lIxSP 

CoMPLl  X  (.Ht-L A , LI  S  ,RiuJ,  ARHC,  ZkAu,  IMS ,  VT ,  Y  At,  VtC  ,V M  ,  ZJC 
CjMPLtX  •  id  LtL  b  t  V  *  V  t.  »Ci,,.3D,bUPa«wPSl  *L'_.’iU  ,  aC  » t»\  •  VA.  VC  »  «.<(N 
b  i  ML  till*  1  UN  bil4,i)»Vl4,*)»Vb{4»l)»Z{4»4)»VA(4,i),vC{4fl) 


1 

2 

3 

4 
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IN*,*  Ob 


*/ 

•  /• 

•/ 


iIL(  4i  t4i  fLul'tt^J  , Lb  F (  4 )  ,  P  u  U  i  (A)  ,LlPh{4) 

«  A»*  (  j  )  •  At  (  j  )  t  «K  J)‘  ( -* )  •  C  I S  ( 4 ) «  2  HI  4 4 )  •  i.  L  aj  ( ** )  •  Pi  it  l  *t  )  iVo  »i  i1.  (  A ) 
,ZNN(4)  .ZNS44) ,EPS(4)  *  VT  1 4)  ,VM (4 ) « V At (4) , Vbt (4) 

.IHtTAi  341)  ,PtLC>'*i.)  ,A(  it, 54.., 2)  ,  1  XAX(b)  , I YAA (5) « I ZAX (5 ) 

•  L1MG044) 

OAT*  IXAa/*  ai-ioL*  ,*  E 
OAT  a  I  YA  a/  1  i* U««E  *  , 1 K 
OAT  A  1 aAX/ *  *,• 

hKITE (6,111) 

iii  FJRMaT  (  itib.  •  PHaSE  LOCKED  LOO3  TR ANSi-.lTTINS  LLbMLNT  aP.kAY  Pkx,„K 
1  ./,»  ANALYSIS  OF  KUTUaL  tUJPL  IMo  brPtICT  b  *  } 

CALL  PLU f  S(  3bU 
NEl=4 

uELM=i,EL—1 
wRITEIfc, 112)  NEL 

PUkM*T  UHt. ‘NUMdER  OF  LLL-rtcMTS*  ,13) 

0=  t. 43 

W<iTfc(0,lli)  D 

FORMAT (1H  , ‘ELEMENT  SPACING* » F6. 2, *  NAVELCNbTHS* ) 

PHI NC=45. t 
PHULT= lJs.t 
KnMAX=  PiIULT  /  PHiNC+1*  5 
PI  =  d. 14155 
PHM=  vO • 

RADtU=Pi/lbJ. 

ZO*  5t. 

ERMAX=5.u 

WklTU<»,ll4)  LRMAX 


AM* 


11 


113 


i  F3 .I. 


I! 


114  FDRXATUri  , ‘MAXIMUM  PHASE  ERROR  IN  CGNVEKbbD  StLJT ION= 

1  •  UEGRh.ES' ) 

ELCRk=3.G 
Z-it  =  CMPLxIZO,v.u) 

ZuU=ZUC 

t  AT  Ob  IS  Tht  VALJC  UP  ANY  ATT  Er.OATOR  (IN  Db)  INSERTED  dfcTxEEH 
t  1 1 RC  Ul.  AT  JR  AND  ANTLNNa  ELEMENT  TO  REDUCE  MUTUAL  COUPLING  EDECTS 
CSINbLc  MIX  ck  DcSlbN 
ATUt=-l u • t 

AT  T=  IU. ut  ':(  ATUb/2t.  t) 

RE AO ( 5  «  10b  )  CLKu.tKK HA,  L>"xP  MG,  PATHA.PATHo.PATMC 
lbo  FDKNaT (oKlO.4) 

V.RITLI  CLNb.tKPHA,  tKPHb.  PATHA,  PATlid.PATHC 

FORMAT ( 1 hu , ' C I RCU  L AT  ok  L EaK ACE ( bb) = * » Ft. 1 , / , *  CiRLUL«Ttk  INSEk 

2  PHASE  CETw-IbN  mUoACEMT  PUHTStFORtfAhOlUbo)-* »Fb.l*/, *  CiKtJLAT 
SNhLkT  I  tii.  PMmow  BETwSEN  aGjACENT  PjRTS.KE  VckSh  ( Ob  «, )  *•  *Ft>.  1 ,  /  •  * 
4T*I  CAL  PmTh  FkC'M  uStlLLATUA  TD  C  I ktjL  AT^R  (  DEG)  =  *  *  Fi,.  1,  / »  '  cLuC 
SaL  PATH  PkuM  LIkCOLaTuR  TU  ANTENNA  ( u£v>) s '» Ft  •  1 »/»  *  cLECTUCAL 
a  FROM  CINCjL«T3k  TJ  s!  1XER 4  UbG  )s  ' » F  6.  i ) 

.  REA0(5,ltl)  PLjT 
R  EAL  I  5.  »c  i)  ««k  • 

RtAI  (5,101)  AI 


TiO\ 
OR  I 
ELtC 
TR I Z 
PAT  h 
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7N. 


M 

M 
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101  FuKiiaT  (urij.^t) 
kl^l  i  i>  *  i  i  o)  :;.w 

*  1  o  P ukiiAi  IluIo.A) 

••Kl  Tl  t  o « 1 1  v ) 

119  r_\“.MT(  iu  ,»l  LC..LHT 


i.U.'iti fc  a*  »  1  u  A  » *  i  .iPiJ)nl«v.C  ’  »  it  A  1 1  "  LHl  lCT  1  1 


,.?M 


1  C  1 1:  i  .T  *  #  V  X  *  *  v  S  <i  K  *  «  /  «  1  /  a  »  HEAL  RAU‘.3X,  'HaO  HAM  «  ,  yAf  1  -vi«L  -  T  *  , 
a  i> X  •  *  I  MAo  P  A  k  T '  ) 

03  iv  I=i.\FL 
ZUSI  i )  =  Zui.  (  I  1 
Z'JSksktALU.iSI 1  i  J 
z\Si  =  Ai;!Aw(zr;b(in 
AKIHJ=  (  2iiS  1 1  )-dJC)/  U.'iSI  1)+Z.jC) 
k-luk  =  kE<«L<  .ihHbJ 
Rll_  1  =  A  IUaui  AkHLl) 
f\Hui!=S  Oi.7  ( khw.."v«:*-f.inJi-~'*2) 

S.ik=i  1 1  /(i“KhiJ>-l) 

iiklTL(t))  *.c.l»  I  1  •  d«ok •  i-i-.o  1 «  AkH  J •  S*^ 

BO  i.UNT  lUUL 

120  k  (  7  a  ,  i  3  «  7  a  » F  i  J«h  t  j  a  t  F  1 0  •  4  #F  1 0  .9  t  5a  f  Fw*  4  J 

nHITwlotlc.1)  H  h'*i 

kl  PuRMaT  ChO,' SluNAL  IfjHUT  TOMIXLR  LAOS  KEFEkEOLL  iUPuT  aY  ‘,=c.l, 

2  •  DL3KLLS  K;k  t. e. l).C.  OuTPUT* ) 

Hlw.CHCUo/ZC. ) 

«'R  I Tt 1  o  •  1 03 ) 

DO  i.o  1  =  1  •  \  t:  L‘i 
WKlTb(o,il2)  AR(  I ) ,  AI  ( 1 ) 

-LS'mTI  MUC- 

FORMAT  l*hvt  'MUTUAL  Ii'.HCUA'lCC  OATA  VALUES'  J 
FORMAT  (111  ,'RIAL  R«FT='  •  i:l  tit  5X«  1  lv!  Au1\mRY  HaaT=',P7.3) 

UP  1  MP  EOANiOii  HATRIa 
UU  <:o  J=i.NEL*1 
UU  ..5  n  =  1  tNELil 
L  =  J«-K 

1HL.UT.UCl)  00  Ti;  25 

A(vt  =  t«t  1  K)  •••ZU 

AIZ  =  »*I  (n)---ZO 
Z(J.L)=0HHLX IAUZ.AIZ) 

Z(L.J)  J.L1 
COMTI'lUL 

Z I  o «  J )  =  ZoO+  ti«i(  ( J ) 

C3UT1NUI 
Zli.LL.  MEL  )  *  tUU+Z'i\  I'lEL) 

L  l  i,iREl>a!iL  l  1  •«*!  as i X  b  ET  U  H 
C  St  T  OH  THF  HLlT  PmkAML  Tcr.j 
UH=5«»a 

UU  02  0=1 .UP 

HC.  1  <-.  I  a)  =  (~9v«+FLt..<«r(  J-l)  •'loo. /FLU ATI  i«Kj  )  K AUC u 
C.  ELL'4e\T  HATTLaN!  AOCJkOIbo  )J  SlLv'c-; 

A»«=i  .  +  0.  /xi'  Ci-ilTiicThlJ)) 

0  JP  5  =  O  .  .iti  .•'<*  1  J  i  ii  (  Tiil  T»,  (  j) } 

IFIo.Lu.  li.H/  _  + 1 )  )  uU  T  \j  o  J 
PEL! J)  =  UA.  SI»,lU0HSl/UUHS)«-:.-2 
oD  T  J  oil 
33  Ptcl  J) 


1U 
103 
102 
-  SET 


2  5 


20 


i'~S .  'i \, 
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3?  Cti'JT  1  (juL 

C  it  T  ili'  L  i_ t  C  T 1-4 1  S  A «.  lZiJuTii^ 

/  •>  f  1 J  =  !' A T u A  +  °  «T i l‘j  +  ^:. •' ii;\ 

P j  1  =  I’nTi lo+P  ,riiC  +  L..!)nA 
UP.s-1'nT'iA+P  uTiiL  •*■(-(. Plio 
JPbK=  JPS*KA‘)Cr, 
t>SI*.*PSI"i  A.,SU 
b  “1 U'.  =  E  l'i  J  -MlOt.3 
C.J*UUS  UPSk) 

E  P  =  L  l>  S  (  P  a  I  k ) 

Si  =  -*1U(  UPhf. ) 

SJ  =  -b»iJ(Pb  Ik) 

C  *  -  w  US  ( L  / '<Uf  / 

SJ  =  -SIMENJi.) 
fc'UP$  =  C.iPlX{Ca.Si) 

EPbi  =;iiPL.\u.p,ij) 

Eb.U  =  Ui.Pl  A  (Cu,  bd 

PAi\H=  I  .  E-u 
OJ  KK-1.\kKaX 
Jk  =  c 

OU  i.4  i-1  ,(;ll 

f.  hET  Ul’  {.UNPLlX  VuLTAol  3(!U\UcS 
PH l  1 1  )sPiti:*i.*hLOATl 
bP  S  t  1)  =  Phn+ PH i ( 1 ) -oPS 
1**  C3\TI  VJE 
4  +  4  DO  17  I  -  1 «  \  f.  l 

EPS(  I )  =Phl:,V(EPS(i  )) 
fcJ=c.'.^kT(PJUT{  I 70) 
bh.=  cU«Cob(EPS  ( 1 )  “P.  AjlL) 

E  I  =  -C  H  (IPS  (1  )  '••kAULUj 
VTK=bR/*;. 

VTi=bi/2. 

VT(U=CHPLa(  VTk.VTl) 

V  (I « i) - bHPLX  l  Ck«  El  Jft.u'iU 

L  THIS  ib  THE  SUJRUL  VULTAul  rtfcFfcRRcu  T'J  TIil  APERTURE  'JJW 
17  -.JMT'iM'jE 

C  TRANSFER  v/.LUES  jF  <.  Al «lj  V  Tij  .jjRKI'w  AkkrtYi 
U’J  c 3  J=i«uEL 
•sEF  (  j  )  =bPS(  J  ) 

VB ( J.  i  )-  v  ( J«  1  ) 

Oj  24  K— 1 tM  L 
Zb(j«s)  =  ZU.N) 

24  CLiivT  1UUE 
2i  Cji\T2Mj( 

I\JU=U 

C  I.yVtkT  JUTRIX  TU  v> I V ti  uJ^r.LiilS 

”  hlL  F  v4  A  JF  (  L  u  *'<£L*Vo*Hc.L*NEL*l  •  C  i  *'«ELiiikSP»  11  } 

J  K  =  J  N  +  i 

IFUl.kE.O)  «F.lTE(o,li/‘j)  II 

l*b  P DKJ •»»!  ( 1+  o*  * -UcUbSSfUL  i'imIkIa  IkvEF  Si-u  LQt)b  IS  >j\ 
Uo  *.*.  Js i«\Ll 

TttfjSfAnT^J/L lOii i  ) /Cl  ( J  ,  1 )  -AOu 
■**$•  -joi-j  i-  <.  c )  /  (  zk  «o  t  j  )  +  z  j) 
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C i  1 1I1O {  L J  sbwi.TJbl  j,s'-.  i  +  oiSl-.  »•£;> 

**iilii*i>i.ir.vi-p»iiiu) 

Cu^,>Ki,,v(,M1,,.CiPfifLJ  mv.lUj) 

J.Ir.ui1'"'  . . "u'"'"W,u..S,»,4u,„„w,Wfl, 


i  l  b  t  OimiAI  1 1  no.  *  ut  « 


1  -K! 


•L  *  •  ii  A  .< 


IJJV 


>b!si»t'<T  Lhr.  bk 


’  3\*  *Kl  r  PH4SL*^A,«£:L.  CbMtlvT 


**i  C  u*  0  L  U  Z  * 


a  »  v  a  -  .•  ,v  - - ^'V-  'VI*  I  «iu ul/LO 

f^Xt  -u\R.t.X  U.J^LcU  VOLTaoCS  7Xf  «’ 


^  •  Oa  *  •Priest  1  ) 

L  LmLCuLATl  The  K,.i)I,xTIb.j  PmITlRN 
fj->  64  .J  =  1,W 
k  P  *  b  •  O' 

AI  »’=b.  U 

O'j  di  i  =  i,;;:;l 

i+i  iPumviujuj 

•<P  =  i‘.P*bI.;iO(n>  LLidUPhl) 

mU>=mIP+U"UIH  :j*^I?;iAPHJ  ) 
oS  CUUT I kUL 

A  /  ■Uv  tu  t  <;)-  ( Pvi  i.)  v-PELJ  J) 
l  P  ( KK*  bT  .  I )  i,J  TO  o<t 

r  n.-<:If(^NK'J*2J‘-T*PAh(<}  PAR.'«-=a(KK# J,2) 

«  ciiuNSt',J,’WU4‘TI“<  Mlr->  •«»  .c«  •U.i*  *s 

NNiI  =  0 

OJ  <jo  J—i.*\p 
W.T*V4T  +  i 

4  i  li!  *  ,  *  *  r ; u *  ■:  aluo  u  u  < ^ j  .  2 )  / pawu  i 

mUk.J,  iJ«7»,e.TAU)/f.;.uCj 

i  f*  ( ImT  .  ut .  1  o  )  (ji,  j  L,  07 

it:  *-uk.4ruil  ♦  L1...5,  5Xf  Jj.i,} 
w.<T=  o‘ 

ti  7  CUWiVuc 
ob  CUI<7  i  \UL 
13  Zjt-.TlK Ub 

:0».  CALL  TiiL  V L b T  ki.uTIVh 

,Lr;r />LIJUru::;'' •,'K‘:UA’:-i  2 

1  l  r  .A.-2b,I 4AA,^0,u.dJ 

^  A  ^  ^  PLOT  (b«U*o'.U»  buu) 

SI  UP 
TNili 


#  o  A  |  1  i> 


iDDUL  JS1 


KtrckckCZ 


.,bL.,-*w,7.:>, IaAX,Zo,-3 


1 


AXV^. 


ISIS  PASS  is  i*SI  *U*iK* 

Swoon  I**um>*>**  — - 
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SJBR juTi  Nt  »LT3LiUtN,f;:  ,aO,Y  J,XP,YP,THf.l  , aS .X  INC , I aAX , NC a,  Y 5 , 
1  Y  InL.  I Y  Aa«  \|CY  ♦  I  amX  «  \  C a  *  L  JF f  I 
01  Mt-Na  I0w  A  ( 1 0  ,1m  ,2  )  ,  I  aAA  1 3  ) ,  1 Y  AX  ( i> )  ,  UAX  I  5  ) ,  81 SA  1 , 2 ) 

C  P3RREST*S  FANCY  PHILOrtL'kPH 
RACC0=3. 1^159/ 100. 

C  WUKK  OUT  i-AAlS  PARAMETERS 

cs*cas  <  thet'-raucu) 

SS=S INITHLTfrRADLUI 
ZL=20. 

XSP=XP/FL0AT IN-1) 

L=ZuFF*CS/XSP 
aSC=1./XINC 
YSC=  a. /Y INC 
XSS=XS 
YSS=YS 

oa  you  a  i=  i.nc 

C  SET  UP  ORIGIN 

IMI.EO.i)  CALL  PLuTUO,YO,-3I 
C  DRA^  X-AXIS  AND  TITLE 

CALL  AAi$(U.«G»*XP*G.tXS«X INC* IXmX.NLA) 

CALL  PLOT! U. . 0. . i) 

C  DRAW  Y-mXIS  AN U  TITLE 

CALL  AXlSlu.  #C.*YP*yC.fYS*YI.NC*  IYAX.NCYI 
CALL  PLUTO.  .0.  ,  'i) 

00  9010  K»l*N 
31  K*2) -C. o 
9U1U  CONTINUE 

00  9038  Jsl.N 

IF(  A 1 1 *J«2J«LT.YSS)  A  C I , J»2J=YSS 
X*  IAU.J.  i)-XSS)“XSC 
Y—  <  A 1 1 «J»2)-YSS)*YSC 
3C  J  #  11  *X 
Nc* J+L 

9006  CALL  PLOr(X.Y.2} 
rt(  J,2I*Y 
9037  CONTINUE 
9008  CONTINUE 

CALL  PLUT(U.,u.,3) 

CALL  PLOTU.G. 0.0*999) 

9001  CONTINUE  ^ 

RETURN 

ENG  -*£^*7  'yP** 
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APPENDIX  3 


FORTRAN  CCKFUTSR  PROGRAM  FOR  CIRCULATOR  DESIGN 


jgggggg^^ggaa^aii3i£ia&^ga>SSg>c«A  naSATiae 


— .w^aAjtsycw.t. 


trl 


«-'  «^V ,  -  3-^4|l*^ ’  V^V'T*??'?^ 


H2A2(2,1l)  F1,F2 

11  ?0IC!AT(2P8.2) 

B2AD(2,12)  US ,13 

12  FGHU4T(2F8.2) 

FO  =  (FI  +  F2)/  2. 

FM  -  2.8  *  MS  .  . 

IF  (FM  r  Pi)  1»2,2 

2  ;7HIIE(3,13) 

13  FCSJIAT(1H  ,'  TJliTTSHEUL  MATERIAL,  TAKE  SMALLER  MS') 
C-0  TO  9 

1  IF  (F2  -  4100.)  3*3*4 

3  H  «  1.5 
GO  TO  5 

4  H  «■  0.365 

5  D1  -  0.172  *  3.  *  10.  **  S./C^o  +  0.5) 

W  =  0.94  *  H 

E  -  3.12 

XL  -  3.  *  10.  **  5./CF0  *  4.  *  e) 

D2  *  3)1  +  W*  SQRT(3- ) 

D3  «  2..*  XL  +.D1 
WRITE(3,14)  D1.D2,  D3,W,XL,H 

14  F0RMAT(6F8.3) 

9  STOP 

END 
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1ST  PART  -  BTUT  AID  CBD-ECDS  EPEDAZTCES 


C  DESIGN  07  AIT  KTSRDIGILJ,  3AEL-PASS  FILTER  XT  MKR03TRI?  LITE 
BEAL  J 

DUSESICN  A(10),G(20),J(20),S1(20),Z2(20) 

INTEGER  P 

AL  =  0.1  ,  BPR  =  (F2-F1)/F0 
N  =  1 

FI  =  9.025 
F2  .  9.975 
FO  *s  (FI  f  F2)/2. 

PI  =  3.1416 

C  COMPUTING  ‘HIE  'G'  PA3A23TERS  FOR  TEE  PROTOTYPE 
L  =  K  -  1 
T  =  AL/17.37 
Q  =  EXP(T) 

U1  =ALCG((Q  +  1./Q)/(Q  -  1./Q)) 

T  m  Ul/(2.  *  N) 

Q,  =  EXP(T) 

U2  .  (Q  -  1./Q)/2. 

A(l)  =  SK(P3/(2.  *  H)) 

G(l )  -  2.  *  A(l  )/U2 
K  =  0 

3)0  1  E  =  2,N 

A(K)  =  SDT((2.  *  K-1  o )  *  Pl/(2.  *  H)) 

L  =  K  -  1  . 

3  «  U2  **  2.  +  (SHT(L  *  PI/n))  **2. 

G(X)  =  4.  *  A(K)  *  A(L)/(3  *  G(L)) 

1  C  (311X153 

AIT  =  FLQAT(i:) 

LI  =  I7K(Aiy2.) 

F  =  A!:/(2.  *  FLOAT(LI)) 

K  =  17  +  1 

IF  (F  -  l)  2,2,3  ■ 

3  G(?.t)  =  1. 

GO  TO  10. 

2  T  =  TJl/4. 

Q  =  3XP(T) 
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DO  4  I  =  1,P 
L  =  I  +  1 

J(l)  =  PI  *  3P3/(2  *  S^RI(G(I)  *  G(L))) 

4  CGITIMS  , 

DO  5  I  =  0,N 

21  (I)  =  (1  +  J(l)  +  J(I)  **2o)/YO 
Z2(l)  =  (l  -  J(l)  +  J(l)  **  2.)/YO 
?/RIIS(6,30)  J,Z1(I),I,Z2(I) 

5  CONTINUE  .  .  . 

30  P0ai&T(2X,  ‘ZOE» ,12, •=»  ,P9.4,2X, « OHMS’  ,14X,«Z00’  ,12,  •=’  ,?9.4,2X,  •  QffiS* ) 

T'/RIT2(6,31 ) 

31  F0RMAT(2X,  *  INTRODUCE  HE, 7  DATA* ) 

STOP 


2ND 


w 

% 
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